
For the best experience, open this PDF portfolio in
 
Acrobat X or Adobe Reader X, or later.
 

Get Adobe Reader Now! 

http://www.adobe.com/go/reader




United States
Environmental Protection
Agency


Air


EPA-452/R-97-006
December 1997


Mercury Study
Report to Congress


c7o032-1-1


Office of Air Quality Planning & Standards
and


Office of Research and Development


Volume IV:
An Assessment of Exposure


to Mercury in the United States







MERCURY STUDY REPORT TO CONGRESS


VOLUME IV:


AN ASSESSMENT OF EXPOSURE TO MERCURY
IN THE UNITED STATES


December 1997


Office of Air Quality Planning and Standards
and


Office of Research and Development


U.S. Environmental Protection Agency







i


TABLE OF CONTENTS


Page


U.S. EPA AUTHORS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
SCIENTIFIC PEER REVIEWERS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
WORK GROUP AND U.S. EPA/ORD REVIEWERS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .viii
LIST OF TABLES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
LIST OF FIGURES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiv
LIST OF SYMBOLS, UNITS AND ACRONYMS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv


EXECUTIVE SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ES-1


1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1-1


2. APPROACH TO EXPOSURE ASSESSMENT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-1
2.1 Modeling Exposures near Mercury Emissions Sources. . . . . . . . . . . . . . . . . . . . . . . . 2-1


2.1.1 Description of Computer Models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-1
2.1.2 Estimates of Background Mercury. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-3


2.2 Description of Hypothetical Exposure Scenarios for Humans. . . . . . . . . . . . . . . . . . . 2-4
2.2.1 Hypothetical Location Descriptions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-4
2.2.2 Description of Hypothetical Human Exposure Scenarios. . . . . . . . . . . . . . . . 2-5


2.3 Summary of Exposure Parameter Values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-9
2.4 Emissions Sources. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2-12
2.5 Predicted Concentrations in Environmental Media. . . . . . . . . . . . . . . . . . . . . . . . . . .2-12


3.  PREDICTED INDIVIDUAL EXPOSURE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-1
3.1 Illustration of Exposure Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-1


3.1.1 Concentrations in Environmental Media and Biota. . . . . . . . . . . . . . . . . . . . . 3-2
3.1.2. Results for Hypothetical Exposure Scenarios. . . . . . . . . . . . . . . . . . . . . . . . . 3-6


3.2 Results of Combining Local and Regional Models - Predicted Human Exposure . . . 3-12
3.2.1 Inhalation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-12
3.2.2 Agricultural Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-12
3.2.3 Urban Scenarios. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-37
3.2.4 Fish Ingestion Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-37


3.3 Issues Related to Predicted Mercury Exposure Estimates. . . . . . . . . . . . . . . . . . . . . . 3-38
3.4 Summary Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-39


4. POPULATION EXPOSURE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-1
4.1 Fish Consumption among the General U.S. Population . . . . . . . . . . . . . . . . . . . . . . . . 4-1


4.1.1 Patterns of Fish Consumption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-1
4.1.2 Frequency of Consumption of Fish Based on Surveys of Individuals . . . . . 4-13
4.1.3 Subpopulations with Potentially Higher Consumption Rates . . . . . . . . . . . . 4-22
4.1.4 Summary of Hawaiian Island Fish Consumption Data . . . . . . . . . . . . . . . . . 4-42
4.1.5 Summary of Alaskan Fish Consumption Data . . . . . . . . . . . . . . . . . . . . . . . . 4-43
4.1.6 Summary of Canadian Data on Mercury Intake from Fish and Marine 


  Mammals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-48
4.2 Trends in Fish and Shellfish Consumption in the United States. . . . . . . . . . . . . . . . . 4-50


4.2.1 Fish and Shellfish Consumption: United States, 1975 to 1995. . . . . . . . . . . 4-50







TABLE OF CONTENTS (continued)


Page


ii


4.2.2 Current Market Trends, 1996. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-53
4.2.3 Patterns in Fish and Shellfish Consumption: United States, 1996. . . . . . . . . 4-53
4.2.4 Production Patterns and Mercury Concentrations for Specific Fish and Shellfish


Species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-57
4.3 Mercury Concentrations In Fish. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-59


4.3.1 National Marine Fisheries Service Data Base. . . . . . . . . . . . . . . . . . . . . . . . 4-59
4.3.2 Mercury Concentrations in Marine Fish. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-66
4.3.3 Freshwater Fish Mercury Data Base . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-70
4.3.4 Mercury Concentrations In Freshwater Fish. . . . . . . . . . . . . . . . . . . . . . . . . 4-70
4.3.5 Calculation of Mercury Concentrations in Fish Dishes. . . . . . . . . . . . . . . . . 4-73


4.4 Intake of Methylmercury from Fish/fish Dishes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-75
4.4.1 Intakes "per User" and "per Capita" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-75
4.4.2 Methylmercury Intake from Fish and Shellfish among Women of Child-bearing


Age and Children . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-78
4.4.3 Month-Long Estimates for Consumers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-82
4.4.4 Habitat of Fish Consumed and Mercury Exposure from Fish of Marine,


Estuarine and Freshwater Origin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-86
4.4.5 Methylmercury Consumption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-87


4.5 Conclusions on Methylmercury Intake from Fish . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-87


5. POPULATION EXPOSURES - NON-DIETARY SOURCES. . . . . . . . . . . . . . . . . . . . . . . . . 5-1
5.1 Dental Amalgams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-1
5.2 Occupational Exposures to Mercury . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-1
5.3 Miscellaneous Sources of Mercury Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-3
5.4 Cases of Mercury Poisoning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-3


6. COMPARISON OF ESTIMATED EXPOSURE WITH BIOMONITORING. . . . . . . . . . . . . 6-1
6.1 Biomarkers of Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-1
6.2 Biomarkers of Exposure Predictive of Intake of Methylmercury . . . . . . . . . . . . . . . . . 6-1
6.3 Sample Handling and Analysis of Blood Samples for Mercury . . . . . . . . . . . . . . . . . . 6-2
6.4 Association of Blood Mercury with Fish Consumption . . . . . . . . . . . . . . . . . . . . . . . . 6-2


6.4.1 Half-Times of Methylmercury in Blood . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-2
6.4.2 Fraction of Total Blood Mercury that Is Organic or Methylmercury . . . . . . . 6-3
6.4.3 Methylmercury Consumption from Fish and Blood Mercury Values . . . . . . . 6-3
6.4.4 North American Reports on Blood Mercury Concentrations . . . . . . . . . . . . . . 6-4


6.5 Hair Mercury as a Biomarker of Methylmercury Exposure . . . . . . . . . . . . . . . . . . . . . 6-8
6.5.1 Hair Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-8
6.5.2 Hair Mercury Concentrations in North America. . . . . . . . . . . . . . . . . . . . . . 6-10


6.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-15
6.6.1 Blood Mercury Levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-15
6.6.2 Hair Mercury Levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-15


7. CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7-1


8. RESEARCH NEEDS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8-1







TABLE OF CONTENTS (continued)


Page


iii


9. REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9-1
APPENDIX A EXPOSURE PARAMETER JUSTIFICATIONS. . . . . . . . . . . . . . . . . . . . . . . . . . . . A-1


APPENDIX B ESTIMATED NATIONAL AND REGIONAL POPULATIONS OF 
WOMEN OF CHILD-BEARING AGE:  UNITED STATES, 1990. . . . . . . . . . . . . B-1


APPENDIX C ANALYSIS OF MERCURY LEVELS IN FISH AND SHELLFISH
REPORTED IN NATIONAL MARINE FISHERIES SERVICE SURVEY
OF TRACE ELEMENTS IN THE FISHERY RESERVE. . . . . . . . . . . . . . . . . . . . . C-1


APPENDIX D HUMAN FISH CONSUMPTION AND MERCURY 
INGESTION DISTRIBUTIONS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D-1







iv


U.S. EPA AUTHORS


Principal Authors


Kathryn R. Mahaffey, Ph.D. Glenn E. Rice
National Center for Environmental National Center for Environmental
 Assessment - Washington   Assessment - Cincinnati
Office of Research and Development Office of Research and Development
Washington, DC Cincinnati, Ohio


Contributing Author


Jeff Swartout
National Center for Environmental 
  Assessment - Cincinnati
Office of Research and Development
Cincinnati, Ohio







v


SCIENTIFIC PEER REVIEWERS


Dr. William J. Adams* Dr. Joan Daisey*
Kennecott Utah Corporation Lawrence Berkeley National Laboratory


Dr. Brian J. Allee Dr. John A. Dellinger*
Harza Northwest, Incorporated Medical College of Wisconsin


Dr. Thomas D. Atkeson Dr. Kim N. Dietrich*
Florida Department of Environmental University of Cincinnati
Protection


Dr. Donald G. Barnes* Great Lakes Natural Resource Center
U.S. EPA Science Advisory Board National Wildlife Federation for the


Dr. Steven M. Bartell
SENES Oak Ridge, Inc. Dr. Lawrence J. Fischer*


Dr. David Bellinger*
Children’s Hospital, Boston Dr. William F. Fitzgerald


Dr. Nicolas Bloom* Avery Point
Frontier Geosciences, Inc.


Dr. Mike Bolger U.S. EPA Science Advisory Board
U.S. Food and Drug Administration


Dr. Dallas Burtraw* National Center for Health Statistics
Resources for the Future


Dr. Thomas Burbacher* University of Maryland at Baltimore
University of Washington
Seattle Dr. Steven G. Gilbert*


Dr. James P. Butler
University of Chicago Dr. Cynthia C. Gilmour*
Argonne National Laboratory The Academy of Natural Sciences


Dr. Rick Canady Dr. Robert Goyer
Agency for Toxic Substances and Disease National Institute of Environmental Health
Registry Sciences


Dr. Rufus Chaney Dr. George Gray
U.S. Department of Agriculture Harvard School of Public Health


Dr. Tim Eder


States of Michigan and Ohio


Michigan State University


University of Connecticut


A. Robert Flaak*


Dr. Katharine Flegal


Dr. Bruce A. Fowler*


Biosupport, Inc.







SCIENTIFIC PEER REVIEWERS (continued)


vi


Dr. Terry Haines Berkeley
National Biological Service


Dr. Gary Heinz* National Oceanic and Atmospheric
Patuxent Wildlife Research Center Administration


Joann L. Held
New Jersey Department of Environmental Dr. Michael W. Meyer*
Protection & Energy Wisconsin Department of Natural Resources


Dr. Robert E. Hueter* Dr. Maria Morandi*
Mote Marine Laboratory University of Texas Science Center at Houston


Dr. Harold E. B. Humphrey* Dr. Paul Mushak
Michigan Department of Community Health PB Associates


Dr. James P. Hurley* Dr. Christopher Newland*
University of Wisconsin Auburn University
Madison


Dr. Joseph L. Jacobson* The University of Michigan
Wayne State University Ann Arbor


Dr. Gerald J. Keeler Dr. W. Steven Otwell*
University of Michigan University of Florida
Ann Arbor Gainesville


Dr. Ronald J. Kendall* Dr. Jozef M. Pacyna
Clemson University Norwegian Institute for Air Research


Dr. Lynda P. Knobeloch* Dr. Ruth Patterson
Wisconsin Division of Health Cancer Prevention Research Program


Dr. Leonard Levin
Electric Power Research Institute Dr. Donald Porcella


Dr. Steven E. Lindberg*
Oak Ridge National Laboratory Dr. Deborah C. Rice*


Dr. Genevieve M. Matanoski*
The Johns Hopkins University Samuel R. Rondberg*


Dr. Margaret McDowell
National Center for Health Statistics Charles Schmidt


Dr. Thomas McKone*
University of California Dr. Pamela Shubat


Dr. Malcolm Meaburn


U.S. Department of Commerce


Dr. Jerome O. Nriagu*


Fred Gutchinson Cancer Research Center


Electric Power Research Institute


Toxicology Research Center


U.S. EPA Science Advisory Board


U.S. Department of Energy







SCIENTIFIC PEER REVIEWERS (continued)


vii


Minnesota Department of Health Dr. Valerie Thomas*


Dr. Ellen K. Silbergeld*
University of Maryland Dr. M. Anthony Verity
Baltimore University of California


Dr. Howard A. Simonin*
NYSDEC Aquatic Toxicant Research Unit


Dr. Ann Spacie*
Purdue University


Dr. Alan H. Stern
New Jersey Department of Environmental
Protection & Energy 


Dr. David G. Strimaitis*
Earth Tech


Dr. Edward B. Swain
Minnesota Pollution Control Agency


Princeton University


Los Angeles


*With EPA’s Science Advisory Board, Mercury Review Subcommitte







viii


WORK GROUP AND U.S. EPA/ORD REVIEWERS


Core Work Group Reviewers: U.S. EPA/ORD Reviewers:


Dan Axelrad, U.S. EPA Robert Beliles, Ph.D., D.A.B.T.
Office of Policy, Planning and Evaluation National Center for Environmental Assessment


Angela Bandemehr, U.S. EPA
Region 5 Eletha Brady-Roberts


Jim Darr, U.S. EPA Cincinnati, OH
Office of Pollution Prevention and Toxic
Substances Annie M. Jarabek


Thomas Gentile, State of New York Research Triangle Park, NC
Department of Environmental Conservation


Arnie Kuzmack, U.S. EPA National Center for Environmental Assessment
Office of Water Washington, DC


David Layland, U.S. EPA Susan Braen Norton
Office of Solid Waste and Emergency Response National Center for Environmental Assessment


Karen Levy, U.S. EPA
Office of Policy Analysis and Review Terry Harvey, D.V.M.


Steve Levy, U.S. EPA Cincinnati, OH
Office of Solid Waste and Emergency Response


Lorraine Randecker, U.S. EPA
Office of Pollution Prevention and Toxic
Substances


Joy Taylor, State of Michigan
Department of Natural Resources


Washington, DC


National Center for Environmental Assessment


National Center for Environmental Assessment


Matthew Lorber


Washington, DC


National Center for Environmental Assessment







ix


LIST OF TABLES
Page


2-1 Models Used to Predict Mercury Air Concentrations, Deposition Fluxes and Environmental
Concentrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-2


2-2 Percentiles of the Methylmercury Bioaccumulation Factor. . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-3
2-3 Inputs to IEM-2M Model for the Two Time Periods Modeled. . . . . . . . . . . . . . . . . . . . . . . . . 2-4
2-4 Summary of Human Exposure Scenarios. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-6
2-5 Fish Consumption Rates for Columbia River  Tribes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-8
2-6 Daily Fish Consumption Rates Among Adults Fish Consumption by Columbia River Tribes . 2-8
2-7 Fish Consumption Rates used in this Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-9
2-8 Potential Dependency of Exposure Parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-9
2-9 Default Values of Scenario-Independent Exposure Parameters. . . . . . . . . . . . . . . . . . . . . . . . 2-10
2-10 Values for Scenario-Dependent Exposure Parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-11
2-11 Process Parameters for the Model Plants Considered in the Local Impact Analysis . . . . . . . . 2-13
2-12 Predicted Mercury Values for Environmental Media at Eastern Site


 (Local + RELMAP 50th). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-15
2-13 Predicted Mercury Values for Environmental Media at Eastern Site


 (Local + RELMAP 90th). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-16
2-14 Predicted Mercury Values in Water Column and Biota for Eastern Site


 (Local + RELMAP 50th). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-17
2-15 Predicted Mercury Values in Water Column and Biota for Eastern Site


 (Local + RELMAP 90th). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-18
2-16 Predicted Mercury Values for Environmental Media at Western Site


 (Local + RELMAP 50th). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-19
2-17 Predicted Mercury Values for Environmental Media at Western Site


 (Local + RELMAP 90th). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-21
2-18 Predicted Mercury Values in Water Column and Biota for Western Site


 (Local + RELMAP 50th). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-22
2-19 Predicted Mercury Values in Water Column and Biota for Western Site


(Local + RELMAP 90th) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-23


3-1 Predicted Mercury Concentrations after Pre-facility Simulations Performed for Eastern Site . 3-2
3-2 Modeled results for Large Hospital HMI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-2
3-3 Predicted Mercury Exposure for Subsistence Farmer Scenario. . . . . . . . . . . . . . . . . . . . . . . . . 3-8
3-4 Predicted Mercury Exposure for Rural Home Gardener. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-9
3-5 Predicted Mercury Exposure for Urban Average Scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-10
3-6 Predicted Mercury Exposure for Urban High-end Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . 3-10
3-7 Predicted Mercury Exposure for High-end Fish Consumption Scenario . . . . . . . . . . . . . . . . . 3-11
3-8 Predicted Mercury Exposure for Recreational Angler Scenario . . . . . . . . . . . . . . . . . . . . . . . 3-12
3-9 Eastern Site — RELMAP 50th and 90th Percentiles Predicted Ingestion (mg/kg/day) for


Subsistence Farmer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-13
3-10 Eastern Site — RELMAP 50th and 90th Percentiles Predicted Ingestion (mg/kg/day) for Rural


Home Gardner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-15
3-11 Eastern Site — RELMAP 50th and 90th Percentiles Predicted Ingestion (mg/kg/day) for Urban


Average . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-17
3-12 Eastern Site — RELMAP 50th and 90th Percentiles Predicted Ingestion (mg/kg/day) for Urban


High End . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-19
3-13 Eastern Site — RELMAP 50th and 90th Percentiles Predicted Ingestion (mg/kg/day) for


Subsistence Fisher. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-21







LIST OF TABLES (continued)
Page


x


3-14 Eastern Site — RELMAP 50th and 90th Percentiles Predicted Ingestion (mg/kg/day) for
Recreational Angler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-23


3-15 Western Site — RELMAP 50th and 90th Percentiles Predicted Ingestion (mg/kg/day) for
Subsistence Farmer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-24


3-16 Western Site — RELMAP 50th and 90th Percentiles Predicted Ingestion (mg/kg/day) for Rural
Home Gardner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-26


3-17 Western Site — RELMAP 50th and 90th Percentiles Predicted Ingestion (mg/kg/day) for Urban
Average . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-28


3-18 Western Site — RELMAP 50th and 90th Percentiles Predicted Ingestion (mg/kg/day) for Urban
High End . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-30


3-19 Western Site — RELMAP 50th and 90th Percentiles Predicted Ingestion (mg/kg/day) for
Subsistence Fisher. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-32


3-20 Western Site — RELMAP 50th and 90th Percentiles Predicted Ingestion (mg/kg/day) for
Recreational Angler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-34


3-21 Eastern Site — RELMAP 50th and 90th Percentiles Predicted Inhalation. . . . . . . . . . . . . . . 3-35
3-22 Western Site — RELMAP 50th and 90th Percentiles Predicted Inhalation. . . . . . . . . . . . . . 3-36


4-1 Average Serving Size (gms) for Seafood from USDA Handbook # 11 Used to Calculate
Fish Intake by FDA (1978). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-5


4-2 Fish Species and Number of Persons Using the Species of Fish.
(Adapted from Rupp et al., 1980). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-6


4-3 Fish Consumption from the NPD 1973-1974 Survey
(Modified from Rupp et al., 1980). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-6


4-4 Distribution of Fish Consumption for Females by Age*
Consumption Category (gms/day) (from SRI, 1980). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-7


4-5 CSFII 89-91 Data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-8
4-6 CSFII 1994 Data — Days 1 and 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-9
4-7 CSFII 1995 Data — Days 1 and 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-10
4-8 Fish Consumption (gms) by Season for Respondents Reporting Seafood Consumption


CFSII 1994 — Day 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-10
4-9 All Age Groups NHANES III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-12
4-10 NHANES III Adult Respondents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-12
4-11 NHANES III Child Respondents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-13
4-12 Consumption of Fish and Shellfish (gms/day), and Self-Reported Body Weight (kg)


in  Respondents of the 1989-1991 CSFII Survey.  "Per Capita" 
Data for All Survey Respondents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-15


4-13 Consumption of Fish and Shellfish (gms/day), and
Self-Reported Body Weight (kg) in  Respondents of the 1989-1991 CSFII Survey . . . . . . . . 4-15


4-14 Frequency of Fish/Shellfish Ingestion and Percent of Respondents . . . . . . . . . . . . . . . . . . . . 4-17
4-15a Frequency of Fish and Shellfish Consumption by Percent among  


All Adults, Both Genders, Weighted Data, NHANES III . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-18
4-15b Frequency of Fish and Shellfish Consumption by Race/Ethnicity,  


Women Aged 15-45 Years, Weighted Data, NHANES III . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-18
4-16a Distribution of the Frequency of Fish and Shellfish Consumption by Race/Ethnicity


All Adults, Both Genders, Weighted Data, NHANES III . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-19
4-16b Distribution of the Frequency of Fish and Shellfish Consumption by Race/Ethnicity


Among Adult Women Ages 15-45 Years, Weighted Data, NHANES III. . . . . . . . . . . . . . . . 4-19







LIST OF TABLES (continued)
Page


xi


4-17 Classification of Fish Species by Habitat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-20
4-18 Weighted Estimates of Fish and Shellfish Consumed (gms) for Females and Males Aged 15-44


Years Reported in NHANES III (Per User). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-21
4-19 Weighted Estimates for Fish and Shellfish Consumed (gms) by Female and Male Respondents


Aged 15 — 44 Years Reported in the NHANES III Survey by 
Habitat of Species Consumed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-21


4-20 Consumption of Fish and Shellfish (gms/day) among Ethnically Diverse Groups . . . . . . . . . 4-24
4-21 Fish Consumption of an Urban “Subsistent” Group . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-26
4-22 High Fish Consumption among Urban Subjects: Case Report . . . . . . . . . . . . . . . . . . . . . . . . . 4-26
4-23 Compilation of the Angler Consumption Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-28
4-24 Median Recreationally Caught Fish Consumption Rate Estimates


by Ethnic Group . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-31
4-25 Freshwater Fish Consumption Estimates of Turcotte (1983). . . . . . . . . . . . . . . . . . . . . . . . . . 4-31
4-26 Daily Intake of Sportfish and Total Fish for the Fish-consuming Portion


of the Population Studied by Fiore et al. (1989). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-32
4-27 Fish Consumption Rate Data for Groups Identified in


Hovinga et al. (1992) as Eaters and Controls. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-33
4-28 Fish Consumption Rates for Maine Anglers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-34
4-29 Fish Consumption Rates of Florida Anglers Who Receive Food Stamps . . . . . . . . . . . . . . . . 4-34
4-30 Fish Consumption by Native U.S. Populations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-35
4-31 Fish Consumption by Columbia River Tribes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-39
4-32 Daily Fish Consumption Rates by Adults of Columbia River Tribes . . . . . . . . . . . . . . . . . . . 4-39
4-33 Fish Consumption (gms/kg bw/day) by the Tulalip and Squaxin Island Tribes . . . . . . . . . . . 4-40
4-34 Local Fish Meals Consumed By Time Period for the


Mohawk and Comparison Nursing Mothers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-41
4-35 Species Composition of Hawaii's Retail Seafood Trade — 1981 Purchases. . . . . . . . . . . . . . 4-43
4-36 Mean Per Capita Harvest of Fish and Marine Mammals (g/day) . . . . . . . . . . . . . . . . . . . . . . . 4-46
4-37 Estimated Daily Intake of Food and Mercury for Arctic Inuit . . . . . . . . . . . . . . . . . . . . . . . . . 4-47
4-38 Mercury Concentrations (µg Hg/g wet weight) in Traditional Foods Consumed


by Canadian Aboriginal Peoples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-49
4-39 Estimated Daily Intake of Mercury Using Contaminant Data Base and Dietary Information from


Dene and Inuit Communities in Canada. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-49
4-40 Percent of Fish/Shellfish by Processing Type between 1910 and 1995. . . . . . . . . . . . . . . . . . 4-50
4-41 U.S. Supply of Edible Commercial Fishery Products: 1990 and 1995. . . . . . . . . . . . . . . . . . 4-51
4-42 U.S. Annual Per Capita Consumption of Canned Fishery Products: 1990 and 1995


(Pounds Per Capita) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-52
4-43 U.S. Annual Per Capita Consumption (in pounds*) 


of Certain Fishery Items: 1990 and 1995. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-52
4-44 Ten Most Commonly Reported Fish/Shellfish/Mixed Dishes by Season


CSFII 1994 and CSFII 1995 — Day 1 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-54
4-45 Regional Popularity of Fish and Shellfish Species. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-56
4-46 Popularity of Fish/Shellfish Species in Restaurants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-56
4-47 Frequencies of Various Fish and Shellfish Food Types


for Children Ages 1 to 5 and 6 to 11 Years by Gender . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-57
4-48 Summary of Mercury Concentrations in Fish Species


(µg Hg/g fresh weight) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-60
4-49 Mercury Concentrations in Marine Finfish. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-67







LIST OF TABLES (continued)
Page


xii


4-50 Mercury Concentrations in Marine Shellfish. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-68
4-51 Mercury Concentrations in Marine Molluscan Cephalopods . . . . . . . . . . . . . . . . . . . . . . . . . . 4-69
4-52 Analyses of Mercury Standard Reference Materials Used by Lowe et al. (1985)


 in Support of Analyses of Freshwater Fish. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-69
4-53 Freshwater Fish Mercury Concentrations from Lowe et al., (1985). . . . . . . . . . . . . . . . . . . . 4-71
4-54 Mercury Concentrations in Freshwater Fish


U.S. EPA (1992) and Bahnick et al. (1994). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-73
4-55 CSFII 89-91 Number of Respondents - All Age Groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-75
4-56 CSFII 89-91 Adult Respondents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-76
4-57 Contemporary Dietary Surveys — 1990s General U.S. Population . . . . . . . . . . . . . . . . . . . . . 4-76
4-58 Per Capita Fish/Shellfish Consumption (gms/day) and 


Mercury Exposure (µg/kg body weight/day) From CSFII 89-91
Based on Average of Three 24-Hour Recalls. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-77


4-59 Per Capita Fish/Shellfish Consumption Based on Individual Days of 24-Hour Recall Data
General U.S. Population Surveys — 1990s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-77


4-60 Per User Fish/Shellfish Consumption (grams per day) and Mercury Exposure (µg/kg bw/day)
Based on Average of Three 24-Hour Recalls — CSFII 89-91. . . . . . . . . . . . . . . . . . . . . . . . . 4-78


4-61 “Per User” Intake of Fish and Shellfish (gms/day) and Exposure to Mercury (µg Hg/kg bw/day)
among Individuals Reporting Consumption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-78


4-62 “Per Capita” Fish/Shellfish Consumption (grams/day) and Mercury Exposure (µg/kg bw/day)
Based on Average of Three 24-Hour Dietary Recalls — CSFII 89-91. . . . . . . . . . . . . . . . . . 4-79


4-63 “Per User” Fish/Shellfish Consumption (grams/day) and Mercury Exposure (µg/kg bw/day) 
Based on Average of Three 24-Hour Dietary Recalls — CSFII 89-91. . . . . . . . . . . . . . . . . . 4-79


4-64 Consumption of Fish and Shellfish (grams/day) and Mercury Exposure (µg Hg/kg bw/day) 
among Different Age Categories of Children . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-80


4-65 Fish and Shellfish Consumption (grams/day) and Mercury Exposure (µg/kg body weight/day)
for Children Aged 14 years and Younger — CSFII 89-91 . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-80


4-66 “Per User” Fish and/or Shellfish Consumption (grams/day) and
Mercury Exposure (µg Hg/kg bw/day) by Children ages 14 and Younger . . . . . . . . . . . . . . . 4-81


4-67 Consumption of Fish and Shellfish (grams/day) and Mercury Exposure (µg Hg/kg bw/day) 
Among Ethnically Diverse Groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-81


4-68a Month-Long Estimates of Fish and Shellfish Consumption (gms/day)
General Population by Ethnic/Racial Group
National Estimates Based on NHANES III Data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-83


4-68b Month-Long Estimates of Mercury Exposure (µg/kgbw/day)
Population by Ethnic/Racial Group National Estimates Based on NHANES III Data. . . . . . 4-83


4-69 Month-Long Estimates of Exposure to Fish and Shellfish (gms/day)
for Women Ages 15 through 44 Years Combined 
Distributions Based on NHANES III Data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-84


4-70 Month-Long Estimates of Mercury Exposure (µg/kgbw/day) for Women Ages 15 through 44
All Subpopulations Combined National Estimates Based on NHANES III Data. . . . . . . . . . 4-84


4-71 Month-Long Estimates of Fish/Shellfish Consumption (gms/day) 
among Children Ages 3 through 6 Years. 
National Estimates Based on NHANES III Data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-85


4-72 Month-Long Estimates of Exposure to Fish and Shellfish (gms/day) and 
Mercury (µg/kgbw/day) among Children Ages 3 through 6 Years.
National Estimates for Individual Ethnic/Racial Groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-85







LIST OF TABLES (continued)
Page


xiii


4-73 Exposure of Men Ages 15 to 44 Years to Mercury (µg Hg/kg bw/day)
from Fish and Shellfish of Marine, Estuarine, and Freshwater Origin . . . . . . . . . . . . . . . . . . 4-86


4-74 Exposure of Women Aged 15-44 Years to Mercury (µg Hg/kg bw/day)  from 
Fish and Shellfish of Marine, Estuarine, and Freshwater Origin . . . . . . . . . . . . . . . . . . . . . . . 4-87


5-1 Occupational Standards for Airborne Mercury Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-2


6-1 Literature Derived Values for Total Mercury Concentrations in Whole Blood. . . . . . . . . . . . . 6-3
6-2 Blood Mercury Concentrations Values Reported for the United States. . . . . . . . . . . . . . . . . . . 6-5
6-3 Hair Mercury Concentrations (µg Hg/gram hair or ppm) from Residents


of Various Communities in the United States. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-11
6-4 Association of Hair Mercury Concentrations (µg Hg/gram hair) with


Frequency of Fish Ingestion by Adult Men and Women
Living in 32 Locations within 13 Countries. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-14







xiv


LIST OF FIGURES
Page


2-1 Configuration of Hypothetical Water Body and Watershed Relative to Local Source. . . . . . . 2-5
4-1 Distribution of Fish Consumption Rates of Various Populations. . . . . . . . . . . . . . . . . . . . . .4-23







xv


LIST OF SYMBOLS, UNITS AND ACRONYMS


AC Activated carbon
APCD Air pollution control device
ASME American Society of Mechanical Engineers
CAA Clean Air Act as Amended in 1990
CaS Calcium sulfide
cf Cubic feet
CFB Circulating fluidized bed
cm Cubic meter
CRF Capital recovery factor
dscf Dry standard cubic feet
dscm Dry standard cubic meter
ESP Electrostatic precipitator
DSI Dry sorbent injection
EPRI Electric Power Research Institute
FFDCA Federal Food, Drug, Cosmetic Act
FFs Fabric filters
FGD Flue gas desulfurization
FIFRA Federal Insecticide, Fungicide, Rodenticide Act
FWS U.S. Fish and Wildlife Service
GACT Generally available control technology
GLFCATF Great Lakes Fish Consumption Advisory Task Force
GLNPO Great Lakes National Program Office
g Gram
gr Grains
HAPs Hazardous air pollutants
HCl Hydrochloric acid
Hg Mercury
HgCl Mercuric chloride
HgI Mercuric iodide
HgO Mercuric oxide
HgS Mercuric sulfide
HgSe Mercuric selenite
HMTA Hazardous Materials Transportation Act
HVAC Heating, ventilating and air conditioning
IDLH Immediately dangerous to life and health
INGAA Interstate Natural Gas Association Of America
kg Kilogram
kW Kilowatt
MACT Maximum achievable control technology
MB Mass burn
MCL Maximum contaminant level
Mg Megagram
MSW Municipal solid waste
MW Megawatt
MWCs Municipal waste combustors







LIST OF SYMBOLS, UNITS AND ACRONYMS
(continued)


xvi


MWIs Medical waste incinerators
NaCl Sodium chloride
NaOH Sodium hydroxide
ng Nanogram
NIOSH National Institute for Occupational Safety and Health
Nm Normal cubic meter3


NOAA National Oceanic and Atmospheric Administration
NPDES National Pollutant Discharge Elimination System
NSP Northern States Power
NSPS New source performance standard
OAQPS Office of Air Quality Planning and Standards (U.S. EPA)
OECD Organization for Economic Co-operation and Development
O&M Operation and maintenance
OSHA Occupational Safety and Health Administration
PCBs Polychlorinated biphenyls
PELs Permissible exposure limits
PM Particulate matter
ppm parts per million
ppmv parts per million by volume
RQ Reportable quantity
SARA Superfund Amendments and Reauthorization Act
scf Standard cubic feet
scm Standard cubic meter
SD Spray dryer
SDAs Spray dryer absorbers
TCC Total capital cost
TCLP Toxicity characteristic leaching procedure
TMT Trimercapto-s-triazine
tpd Tons per day
TRI Toxic Release Inventory
µg Microgram
UNDEERC University of North Dakota Energy and Environmental Research Center
WS Wet scrubber
WW Waterwall







ES-1


EXECUTIVE SUMMARY


Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, requires the U.S.
Environmental Protection Agency (U.S. EPA) to submit a study on atmospheric mercury emissions to
Congress.  The sources of emissions that must be studied include electric utility steam generating units,
municipal waste combustion units and other sources, including area sources.  Congress directed that the
Mercury Study evaluate many aspects of mercury emissions, including the rate and mass of emissions,
health and environmental effects, technologies to control such emissions, and the costs of such controls.


In response to this mandate, U.S. EPA has prepared an eight-volume Mercury Study Report to
Congress.  This document is the exposure assessment (Volume IV) of the Mercury Study Report to
Congress.  The exposure assessment is one component of the risk assessment of U.S. anthropogenic
mercury emissions.  The analysis in this volume builds on the fate and transport data compiled in
Volume III of the study.  This exposure assessment considers both inhalation and ingestion exposure
routes.  For mercury emitted to the atmosphere, ingestion is an indirect route of exposure that results
from mercury deposition onto soil, water bodies and plants and uptake through the food chain.  The
analyses in this volume are integrated with information relating to human and wildlife health impacts of
mercury in the Risk Characterization Volume (Volume VII) of the Report.


National Assessment of Mercury Exposure from Fish Consumption


A current assessment of U.S. general population methylmercury exposure through the
consumption of fish is provided in this volume.  This assessment was conducted to provide an estimate
of mercury exposure through the consumption of fish to the general U.S. population.  It is not a site-
specific assessment but rather a national assessment.  This assessment utilizes data from the Continuing
Surveys of Food Intake by Individuals (CSFII 89-91, CSFII 1994, CSFII 1995) and the third National
Heath and Nutrition Examination Survey (NHANES III) to estimate a range of fish consumption rates
among U.S. fish eaters.  Both per capita and per user (only individuals who reported fish consumption)
were considered.  For each fish-eater, the number of fish meals, the quantities and species of fish
consumed and the self-reported body weights were used to estimate mercury exposure on a body weight
basis.  The constitution of the survey population was weighted to reflect the actual U.S. population. 
Results of smaller surveys on �high-end� fish consumers are also included.


These estimates of fish consumption rates were combined with fish species-specific mean values
for measured mercury concentrations.  The fish mercury concentration data were obtained from the
National Marine Fisheries Service, Bahnick et al., (1994), and Lowe et al., (1985).  Through the
application of specific fish preparation factors (USDA, 1995), estimates of the range of methylmercury
exposure from the consumption of fish were prepared for the fish-consuming segment of the U.S.
population.  Per kilogram body weight estimates of methylmercury exposure were determined by
dividing the total daily methylmercury exposure from this pathway by the self-reported body weights.


Estimates of month-long patterns of fish and shellfish consumption were based on the data
reporting frequency of fish/shellfish consumption obtained in the third National Health and Nutrition
Examination Survey (NHANES III) conducted between 1988 and 1994.  Combining these frequency data
with other information on respondents in NHANES III (i.e., 24-hour recall data and self-reported body
weight of subjects), and mean mercury concentrations in fish/shellfish, these projected month-long
estimates of fish/shellfish consumption describe moderate-term mercury exposures for the general United
States population.
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Conclusions


The following conclusions are presented in approximate order of degree of certainty in the
conclusion, based on the quality of the underlying database.  The conclusions progress from
those with greater certainty to those with lesser certainty.


� Consumption of fish is the dominant pathway of exposure to methylmercury for fish-
consuming humans.  There is a great deal of variability among individuals in these
populations with respect to food sources and fish consumption rates.  As a result, there is
a great deal of variability in exposure to methylmercury in these populations.  The
anthropogenic contribution to the total amount of methylmercury in fish is, in part, the
result of anthropogenic mercury releases from industrial and combustion sources
increasing mercury body burdens in fish.  As a consequence of human consumption of
the affected fish, there is an incremental increase in exposure to methylmercury.


� The critical variables contributing to these different outcomes in measuring exposures
are these:


a) the fish consumption rate;


b) the body weight of the individual in relation to the fish consumption rate;


c) the level of methylmercury found in different fish species consumed; and


d) the frequency of fish consumption.


� The results of the current exposure of the U.S. population from fish consumption
indicate that most of the population consumes fish and is exposed to methylmercury as a
result.  Approximately 85% of adults in the United States consume fish and shellfish at
least once a month with about 40% of adults selecting fish and shellfish as part of their
diets at least once a week (based on food frequency data collected among more than
19,000 adult respondents in the NHANES III conducted between 1988 and 1994).  This
same survey identified 1-2% of adults who indicated they consume fish and shellfish
almost daily.


� In the nationally-based dietary surveys, the types of fish most frequently reported to be
eaten by consumers are tuna, shrimp, and Alaskan pollock.  The importance of these
species is corroborated by U.S. National Marine Fisheries Service data on per capita
consumption rates of commercial fish species.


� National surveys indicate that Asian/Pacific Islander-American and Black-American
subpopulations report more frequent consumption of fish and shellfish than other survey
participants.


� Superimposed on this general pattern of fish and shellfish consumption is freshwater fish
consumption, which may pose a significant source of methylmercury exposure to
consumers of such fish.  The magnitude of methylmercury exposure from freshwater fish
varies with local consumption rates and methylmercury concentrations in the fish.  The
modeling exercise indicated that some of these methylmercury concentrations in
freshwater fish may be elevated as a result of mercury emissions from anthropogenic
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sources.  Exposures may be elevated among some members of this subpopulation; these
may be evidenced by analyses of blood mercury showing concentrations in excess of 10
micrograms per liter (µg/L) that have been reported among multiple freshwater fish-
consumer subpopulations.


� The results of the assessment of current exposure of the U.S. population from fish
consumption as described in this volume.  Exposure to methylmercury from
contaminated fish results in an incremental increase in mercury exposure for most U.S.
fish-consumers.  Methylmercury exposure rates on a per body weight basis among fish-
consuming children are predicted to be higher than for fish-consuming adults.  The 50th
percentile exposure rate among fish-consuming children under the age of 10 and younger
is approximately 0.3 µg/kg of body weight per day.  The 90th percentile predicted
exposures are approximately three times greater or 0.8-1.0 µg/kg body weight/day.  The
predicted average exposure among males and females fish consumers of reproductive age
is 0.1 µg of methylmercury/ kg body weight/day.  Given that these are one-day estimates,
it would be inappropriate to compare these values to the RfD except for subpopulations
that eat fish/shellfish almost every day.  Fish consumption rates by adult men and women
vary from zero to more than 300 grams per day.  These predictions are consistent across
the three major contemporary national food consumption surveys.


� Estimated month-long patterns of fish/shellfish intake and mercury exposures indicate
that fish/shellfish consumption is lowest among “White/NonHispanics” (73 grams/day),
second highest among “Black/NonHispanics” (97 grams/day) and highest among the
category designated as “Other” (123 grams/day).  The category “Other” includes persons
of Asian/Pacific Islander ethnicity, NonMexican Hispanics (typically persons of
Caribbean ethnicity), Native American tribal members and Native Alaskans, and
additional persons.  Based on these estimates of month-long fish/shellfish consumption
as the basis for determining methylmercury exposure, an estimated 9% of the general
population exceeds the RfD.


Among women of childbearing age, 7% exceeded the RfD based on month-long
projections of fish/shellfish intake.  Approximately 1% of women have methylmercury
exposures three-to-four times the RfD.  Children in the age group 3-to-6-years have
higher intakes of methylmercury than do adults relative to body weight.  Approximately
25% of children exceed the RfD, and 5% of children have methylmercury exposures
from fish/shellfish two-to-three times the RfD (i.e., 0.29 µg/kg body weight/day).


� Blood mercury concentrations and hair mercury levels are biomarkers used to indicate
exposure to mercury.  Inorganic mercury exposure occur occupationally and for some
individuals through ritualistic/hobby exposures to inorganic mercury.  Dental
restorations with silver/mercury amalgams can also contribute to inorganic mercury
exposures.  Methylmercury exposure is almost exclusively through consumption of fish,
shellfish, and marine mammals.  Occupational exposures to methylmercury are rare.


Normative data describing blood and/or hair mercury for a population representative of
the United States do not exist, however, some data are available.  Blood mercury
concentrations in the United States are usually less than 10 µg/L; however, blood
mercury concentrations in excess of 30 µg/L have been reported and are attributed to fish
consumption.  Hair mercury concentrations in the United States are typically less than
1µg/g, however, hair mercury concentration greater than 10µ/g have been reported for
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women of childbearing age living in the United States.  U.S. EPA’s RfD is associated
with a blood mercury concentration of 4-5 µg/L and a hair mercury concentration of
approximately 1µg/g.  The “benchmark” dose is associated with mercury concentrations
of 44 µg/L in blood and 11.1 µg/g in hair.  The “benchmark” dose for methylmercury is
based on neurotoxic effects observed in Iraqi children exposed in utero to
methylmercury.


� Specialized smaller surveys of subpopulations including anglers and Native American
Tribal members indicate high fish consumption rates and elevated blood/hair mercury
concentrations occur.
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1. INTRODUCTION


Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, requires the U.S.
Environmental Protection Agency (EPA) to submit a study on atmospheric mercury emissions to
Congress.  The sources of emissions that must be studied include electric utility steam generating units,
municipal waste combustion units, and other sources, including area sources.  Congress directed that the
Mercury Study evaluate many aspects of mercury emissions, including the rate and mass of emissions,
health and environmental effects, technologies to control such emissions, and the costs of such controls.


In response to this mandate, EPA has prepared an eight-volume Mercury Study Report to
Congress.  The eight volumes are as follows:


I. Executive Summary
II. An Inventory of Anthropogenic Mercury Emissions in the United States
III. Fate and Transport of Mercury in the Environment
IV. An Assessment of Exposure to Mercury in the United States
V. Health Effects of Mercury and Mercury Compounds
VI. An Ecological Assessment for Anthropogenic Mercury Emissions in the United States
VII. Characterization of Human Health and Wildlife Risks from Mercury Exposure in the


United States
VIII. An Evaluation of Mercury Control Technologies and Costs


This document is the exposure assessment (Volume IV) of U.S. EPA's Report to Congress on
Mercury.  The exposure assessment is one element of the human health and ecological risk assessment of
U.S. anthropogenic mercury (Hg) emissions.  The exposure assessment considers both inhalation and
ingestion exposure routes.  For atmospheric mercury emissions, ingestion is an indirect route of exposure
that results from mercury deposition onto soil, water bodies and plants and uptake through the food
chain.  The information in this document is integrated with information relating to human and wildlife
health impacts of mercury in Volume VII of the report.


Using deposition values obtained from fate and transport models in Volume III, this assessment
addresses the exposures that result from selected, major anthropogenic combustion and manufacturing
sources.  This volume also estimates current exposures to the general U.S. population that result from
mercury concentrations in freshwater and marine fish.  This volume does not address all anthropogenic
emission sources, nor does it address emissions from natural sources.  


Volume IV is composed of nine chapters and three appendices.  The Introduction is followed by
Chapter 2, which describes the approach utilized to calculate mercury exposures to humans and wildlife. 
Chapter 3 presents estimates of mercury exposure to individuals in the human population and wildlife. 
Chapter 4 describes current U.S. exposures through consumption of fish.  The fish methylmercury
concentrations and the human fish consumption rates were developed using measured data.  Exposures
through other routes such as dental amalgams and occupational scenarios are summarized in Chapter 5. 
The predicted human exposures are compared to biomonitoring data in Chapter 6.


Chapter 7 presents the conclusions of this Volume.  Information needed for better assessment of
exposure to emitted mercury and to current concentrations in media and biota is listed in Chapter 8. 
Finally, Chapter 9 lists all references cited in this volume.  
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There are four appendices to Volume IV: Exposure Parameter Justifications (Appendix A);
Estimated National and Regional Populations of Women of Child-Bearing Age (Appendix B); Analysis
of Mercury Levels in Fish and Shellfish (Appendix C); and Human Fish Consumption and Mercury
Ingestion Distributions (Appendix D).


The assessment of human mercury exposure through the consumption of fish as described in
Chapter 4 utilizes data from the continuing surveys of food intake by individuals (CSFII 89-91, CSFII
1994, CSFII 1995) and the third National Health and Nutrition Examination Survey (NHANES III). 
Both per capita and per user (only individuals who reported fish consumption) were considered.  For
each fish-eater, the number of fish meals, the quantities and species of fish consumed and the self-
reported body weights were used to estimate mercury exposure on a body weight basis.  The constitution
of the survey population was weighted to reflect the actual U.S. population.  Results of smaller surveys
on �high-end� fish consumers are also included. Continuing Surveys of Food Intake by Individuals
(CSFII 89-91) to estimate a range of fish consumption rates among fish eaters.  For each fish-eater, the 3-
day CSFII 89-91 study identified the number of fish meals, the quantities and species of fish consumed
and the self-reported body weights of the consumers.  The constitution of the survey population was
weighted to reflect the actual U.S. population.


These estimates of fish consumption rates were combined with fish species-specific mean values
for measured methylmercury concentrations.  The fish methylmercury concentration data were obtained
from the National Marine Fisheries Service, Bahnick et al., (1994), Lowe et al., (1985), and FDA (1995). 
Through the application of specific fish preparation factors (USDA, 1995), estimates of the range of
methylmercury exposure from the consumption of fish were prepared for the fish-consuming segment of
the U.S. population.  Per body weight estimates of methylmercury exposure were determined by dividing
the total daily methylmercury exposure from this pathway by the self-reported.
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2. APPROACH TO EXPOSURE ASSESSMENT


This chapter summarizes the methods employed to calculate exposures of humans to
anthropogenic mercury emissions. These methods utilize the predictions of  the environmental fate 
modeling presented in Volume III.  The models used for the human exposure assessment are identical to
those used for the wildlife exposure assessment (Volume VI of this Report). For the human exposure
modeling analysis, two hypothetical sites in the eastern and western U.S. were developed. The proximity
of these sites to the source was varied to examine the effect of distance on model predictions. To account
for the long-range transport of emitted mercury, the 50th and 90th percentile RELMAP atmospheric
concentrations and deposition rates were included in the estimates from the local air dispersion model.
To account for other sources of mercury, estimates of background concentrations of mercury were also
included in this exposure assessment. Human exposure estimates were developed through the use of
mathematical models and a series of assumptions about human dietary behaviors and ingestion rates.
Three separate exposure sceanrios pertaining to the types and sources of foods consumed were
developed.  Parameters that affected hypothetical human exposure are identified in Sections 2.2 and 2.3;
some of these parameters have the potential to change across scenarios.  Appendix A describes the
specific human exposure factors utilized in this volume.


2.1 Modeling Exposures near Mercury Emissions Sources


This section summarizes the computer models used to assess mercury exposure resulting from
hypothetical local source emissions; this includes a description of the environmental fate models
selected. Modeling assumptions related to the presence of  �background� mercury as well as mercury
transported from other regions of the U.S. are also presented. These models and modeling assumptions
are used to predict exposures of hypothetical humans residing in areas around mercury emission sources.


2.1.1 Description of Computer Models


 Atmospheric transport models were used to simulate the deposition of mercury at two different
geographical scales (Table 2-1).  A regional-scale analysis was conducted using the Regional Lagrangian
Model of Air Pollution (RELMAP).  RELMAP calculates annual mean air concentrations and annual
mean deposition rates for each cell in a 40 km grid.  This analysis covered the 48 contiguous states and
was based upon a recent inventory of mercury emissions sources (presented in Volume II of this Report). 
The results of the RELMAP model accounted for the long-range transport of mercury emitted from
anthropogenic sources.


The local-scale exposure analysis was conducted by using both RELMAP and a local air
transport model, GAS-ISC3, to generate hypothetical exposure scenarios for four mercury emission
source classes. GAS-ISC3 uses hourly meteorological data to estimate hourly air concentrations and
deposition fluxes within 50 km of a point source.  For each hour, general plume characteristics are
estimated based on the source parameters (gas exit velocity, temperature, stack diameter, stack height,
wind speed at stack top, atmospheric stability conditions) for that hour. GAS-ISC3 was run using one
year of actual meteorological data (1989, the same meteorologic year as was utilized in the RELMAP
modeling).  The average annual predicted values for air concentration and deposition rates were then
used as inputs for to IEM-2M model for 30 years, the assumed typical lifetime of a facility.   
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Table 2-1
Models Used to Predict Mercury Air Concentrations,
Deposition Fluxes and Environmental Concentrations


Model Description


RELMAP


Predicts average annual atmospheric mercury concentration and wet
and dry deposition flux for each 40 km  grid in the U.S. due to all2


anthropocentric sources of mercury in the U.S. and a natural
background atmospheric mercury concentration.


GAS-ISC3
Predicts average concentration and deposition fluxes within 50 km of
emission source.


IEM-2M
Predicts environmental concentrations based on air concentrations
and deposition rates to watershed and water body.


The IEM-2M model was used to estimate mercury levels in soil, water and biota based on both
regional and local-scale estimates of atmospheric concentrations of mercury and mercury deposition.
IEM-2M is composed of two integrated modules that simulate mercury fate using mass balance equations
describing watershed soils and a shallow lake.  IEM-2M simulates three chemical components —
elemental mercury, Hg , divalent mercury, HgII, and methylmercury, MHg. Mass balances are performed0


for each mercury component, with internal transformation rates linking Hg , HgII, and MHg.  Sources0


include wetfall and dryfall loadings of each component to watershed soils and to the water body.  An
additional source is diffusion of atmospheric Hg  vapor to watershed soils and the water body.  Sinks0


include leaching of each component from watershed soils, burial of each component from lake sediments,
volatilization of Hg  and MHg from the soil and water column, and advection of each component out of0


the lake.


At the core of IEM-2M are nine differential equations describing the mass balance of each
mercury component in the surficial soil layer, in the water column, and in the surficial benthic sediments. 
The equations are solved for a specified interval of time, and predicted concentrations output at fixed
intervals.  For each calculational time step, IEM-2M first performs a terrestrial mass balance to obtain
mercury concentrations in watershed soils.  Soil concentrations are used along with vapor concentrations
and deposition rates to calculate concentrations in various food plants.  These are used, in turn, to
calculate concentrations in animals. IEM-2M simultaneously performs an aquatic mass balance driven by
direct atmospheric deposition along with runoff and erosion loads from watershed soils. 


Human exposures through inhalation and ingestion of other contaminated food items (as well as
soils) were also evaluated. Levels of atmospheric mercury were estimated by summing the predicted
concentrations of the RELMAP and GAS-ISC3 models.  Soil concentrations were derived directly from
estimates of the IEM-2M model.  Concentrations in green plants were estimated using soil-to-plant and
air-to-plant biotransfer factors; mercury in these plants was derived from the local and regional scale air
modeling as well as estimates of background mercury (Section 2.1.2).  Estimates of the mercury
concentrations in animal tissues and animal products are generally the product of predicted mercury
concentrations in green plants and soils, animal consumption rates, and specific biotransfer factors. 
Mercury in these animals was derived from the local and regional scale air modeling as well as estimates
of background mercury.
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Mercury residues in fish were estimated by making the simplifying assumption that aquatic food
chains can be adequately represented using four trophic levels.  Respectively, these trophic levels are the
following:  level 1 - phytoplankton (algal producers); level 2 - zooplankton (primary herbivorous
consumers); level 3 - small forage fish (secondary consumers); and level 4 - larger, piscivorous fish
(tertiary consumers), which are eaten by humans.  This type of food chain typifies the pelagic
assemblages found in large freshwater lakes, and has been used extensively to model bioaccumulation of
hydrophobic organic compounds (see for example Thomann, 1989; Clark et al., 1990; Gobas, 1993).  It is
recognized, however, that food chain structure can vary considerably among aquatic systems resulting in
large differences in bioaccumulation in a given species of fish (Futter, 1994; Cabana et al., 1994a,b). 
The second simplifying assumption utilized in this effort was that methylmercury concentrations in fish
are directly proportional to dissolved methylmercury concentrations in the water column.  It is recognized
that this relationship can vary widely among both physically similar and dissimilar water bodies.


Methylmercury concentrations in fish were derived from predicted water column concentrations
of dissolved methylmercury by using BAFs for trophic level 4 fish (Table 2-2).  The BAFs selected for
these calculations were estimated from existing field data.  The BAF (dissolved methylmercury basis) for
trophic level 4 fish is 1.6 x 10 .  Methylmercury was estimated to constitute 7.8% of the total dissolved6


mercury in the water column, and 65% of this was assumed to be freely dissolved.  The technical basis
for these estimates is presented in Volume III, Appendix D.  The potential variability around these
predicted fish residue values is highlighted in Table 2-2. Percentile information for the BAF estimates are
presented. 


Table 2-2
Percentiles of the Methylmercury Bioaccumulation Factor


Parameter
Percentile of Distribution


5th 25th 50th 75th 95th


Trophic 4 BAF 3.3x10 5.0x10 6.8x10 9.2x10 1.4x 106 6 6 6 7


2.1.2 Estimates of Background Mercury


In Volume III of this Report it was noted that mercury was a constituent of the environment and
has always been present on the planet. Estimates of atmospheric mercury concentrations and deposition
rates from periods pre-dating large-scale anthropogenic emissions (“pre-anthropogenic”) and from
current data were presented for hypothetical eastern and western sites.  These estimates were used as
inputs to the IEM-2M model.  The equilibrium results of the IEM-2M model were calculated for both the
eastern and western sites and for both the pre-anthropogenic and current time periods. (Chemical
equilibrium is defined here as “a steady state, in which opposing chemical reactions occur at equal rates."
(Pauling, 1963)).  When modeling the pre-anthropogenic period, the initial conditions of all model
compartments except the atmosphere were set to a mercury concentration of zero.  The results of running
the pre-anthropogenic conditions to equilibrium in IEM-2M were used as the initial conditions for
estimating the current mercury concentrations.  Table 2-3 lists the estimated mercury air concentrations
and deposition rates used at both hypothetical sites and for both time periods.
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Table 2-3
Inputs to IEM-2M Model for the Two Time Periods Modeled


Time Period Eastern Site Western Site


Air Concentration Annual Air Concentration Annual
ng/m Deposition Rate ng/m Deposition Rate3


µg/m /yr µg/m /yr2


3


2


Pre- 0.5 3 0.5 1
Anthropogenic


Current* 1.6 10 1.6 2


* This time period does not reflect the potential contributions of local sources. 


2.2 Description of Hypothetical Exposure Scenarios for Humans


In general, exposure scenarios are real or hypothetical situations that define the source of
contamination, the potential receptor populations, the potential pathway(s) of exposure and the variables
that affect the exposure pathways. Mercury exposure in this analysis was assessed for humans residing at
hypothetical locations in the eastern and western United States.  The fate of deposited mercury was
examined in three types of settings:  rural (agricultural); lacustrine (or water body); and urban.  These
three settings were selected because of the variety they encompass and because each is expected to
provide a potentially elevated mercury concentration in environmental media of concern for human
exposure; for example, elevated mercury concentrations are expected in the waters of lakes near mercury
emission sources.


These exposure scenarios included the total amount of food derived from affected areas and the
extent of mercury contamination of these food sources.  For an exposure assessment which is meant to
represent a broad base of potential exposures, it is not practical to model many different types of farms,
gardens, etc.  As for the rest of the study, a limited number of representative, generalized types of
activities have been modeled.


2.2.1 Hypothetical Location Descriptions


Mercury exposure is assessed for humans hypothetically located at two generic sites:  a humid
site east of 90 degrees west longitude, and a more arid site west of 90 degrees west longitude (these are
described in Volume III). Both sites were assumed to be located in relatively flat terrain. Exposure at
each site was assessed for humans residing at 2.5, 10, or 25 km from the emissions source, as shown in
Figure 2-1. The primary physical differences between the two hypothetical sites as parameterized
included the assumed average annual precipitation rate, the assumed erosion characteristics for the
watershed, and the amount of dilution flow from the water body.  The eastern site had generally steeper
terrain in the watershed than was assumed for the western site.


The atmospheric mercury concentration over the hypothetical western site was the sum of the
50th or 90th percentile of the RELMAP output for the entire contiguous United States west of 90 degrees
west longitude and  the GAS-ISC3 prediction resulting from the local source mercury emissions.
Similarly, the mercury concentration over the hypothetical eastern site was the sum of the 50th or 90th
percentile of the 
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Figure 2-1
Configuration of Hypothetical Water Body and Watershed Relative to Local Source


RELMAP output for the entire contiguous United States east of 90 degrees west longitude and  the GAS-
ISC3 prediction resulting from the local source mercury emissions. Deposition to both sites were,
similarly,  the sum of the predicted depositions for GAS-ISC3 and the 50th or 90th percentile RELMAP
result. 


2.2.2 Description of Hypothetical Human Exposure Scenarios


Human exposure to environmental mercury is the result of mercury concentrations at specific
human exposure points (e.g., ingested fish).  For each location and setting, mercury exposure was
estimated for individuals representing several specific subpopulations expected to have both typical and
higher exposure levels.  The individuals representing the subpopulations were defined to model average
and high-end exposures in the three settings:  rural, urban, and lacustrine.  In this section each
subpopulation is discussed.  A more detailed description of the values chosen for parameters of the
exposure assessment is given in Appendix A.  Table 2-4 summarizes the hypothetical scenarios
considered as well as the exposure pathways considered in each scenario.
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Table 2-4
Summary of Human Exposure Scenarios


Location


Rural Urban Lacustrine Remote Lakesa


Subsistence Farmer Gardener Resident Worker/High-end High End Fisherman angler High End Fisherman angler
Home Rec. Rec.


Adult Child Adult Adult Adult Child Adult Child Adult Adult Child Adult
Pica


Air
inhalation


X X X X X X X X X X X X


Soil
ingestion


X X X X X X X X X X X


Animal
ingestion


X X


Vegetable
ingestion


X X X X X X X


Local fish
ingestion


X X X X X X


Local water
ingestion


X X X X X


Notes:
 Lakes located greater than 50 km from a mercury emission sourcea


Blank  =  Pathway not considered.
X  =  Pathway considered.
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2.2.2.1 Rural Exposure Scenarios


Both a high-end and average rural scenario were evaluated.  The high-end scenario consisted of a
subsistence farmer and child who consumed elevated levels of locally grown food products.  It was
assumed that each farm was located on a square plot of land with an area 40,000 m  (approximately 102


acres).  The subsistence farmer was assumed to raise livestock and to consume home-grown animal tissue
and animal products, including chickens and eggs as well as beef and dairy cattle.  All chicken feed was
assumed to be derived from non-local sources.  For cattle, 100% of the hay and corn used for feed was
assumed to be from the local area.  It was also assumed that the subsistence farmer collected rainwater in
cisterns for drinking.  The typical rural dweller was assumed to raise a small garden and derive some of
his food from that source.


2.2.2.2 Urban Exposure Scenarios


In the urban high end scenario, it was assumed that the person had a small garden similar in size
to that of the average rural scenario.  To address the fact that home-grown fruits and vegetables generally
make up a smaller portion of the diet in urban areas, the contact fractions were based on weight ratios of
home-grown to total fruits and vegetables consumed for city households.  These fractions can be up to 10
times smaller than the values for rural households, depending on food plant type (see Table 2-4 and
Appendix A).  Exposure duration for inhalation was 24 hours per day.  The high-end urban scenario
included a pica child.


An average urban scenario consisted of an adult who worked outside of local area.  The exposure
duration for inhalation, therefore, was only 16 hours a day compared to the 24 hours a day for the rural
and high-end urban scenarios.  The only other pathway considered for this scenario was ingestion of
average levels of soil.


2.2.2.3 Description of Hypothetical Human Exposure Scenarios for Individuals Using Water
Bodies


The fish ingestion pathway was the dominant source of methylmercury intake in exposure
scenarios wherein the fish ingestion pathway was considered appropriate.  For this assessment, three
human fish consumption scenarios were considered for the hypothetical lakes:  (1) an adult high-end fish
consumer scenario, in which an individual was assumed to ingest large amounts of locally-caught fish as
well as home-grown garden produce (plant ingestion parameters identical to the rural home gardener
scenario), consume drinking water from the affected water body and inhale the air; (2) a child of a high-
end local fish consumer, assumed to ingest local fish, garden produce, and soil as well as inhale the
affected air; and (3) a recreational angler scenario, in which the exposure pathways evaluated were fish
ingestion, inhalation, and soil ingestion.  These consumption scenarios were thought to represent
identified fish-consuming subpopulations in the United States.


Fish for human consumption from local water bodies can be derived from many sources
including self-caught, gifts, and grocery and restaurant purchases.  For the purposes of this study, all fish
consumed were assumed to originate from the hypothetical lakes, which were considered to represent
several small lakes that might be present in the type of hypothetical locations considered.  No
commercial distribution of locally caught fish was assumed; exposure to locally-caught fish was modeled
for the three fish-consuming subpopulations described above.


Fish consumption rates for the three fish-consuming subpopulations were derived from the
Columbia River Inter-Tribal Fish Commission Report (1994).  Other estimates of human fish
consumption rates are reported later in this volume; these estimates highlight the broad variability in
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consumption rates.  The Columbia River Inter-Tribal Fish Commission Report (1994) estimated fish
consumption rates for members of four tribes inhabiting the Columbia River Basin.  The estimated fish
consumption rates were based on interviews with 513 adult tribe members who lived on or near the
reservation.  The participants had been selected from patient registrations lists provided by the Indian
Health Service.  Adults interviewed provided information on fish consumption for themselves and for
204 children under 5 years of age.


Fish consumption rates for tribal members are shown in Tables 2-5 and 2-6.  The values used in
this study are shown in Table 2-7.  The values listed below reflect an annual average, but monthly
variations were also reported.  For example, the average daily consumption rate during the two highest
intake months was 107.8 grams/day, and the daily consumption rate during the two lowest consumption
months was 30.7 grams/day.  Fish were consumed by over 90% of the surveyed population with only 9%
of the respondents reporting no fish consumption.  The maximum daily consumption rate for fish
reported by one member of this group was 972 grams/day.  Since most of the population consisted of fish
consumers (“users”), utilization of per capita estimates was considered appropriate.


Table 2-5
Fish Consumption Rates for Columbia River  Tribes  a


Subpopulation Mean Daily Fish Consumption (g/day)


Total Adult Population, aged 18 years and older 59


Children, aged 5 years and younger 20


Adult Females 56


Adult Males 63


 Columbia River Inter-Tribal Commission, 1994.a


Table 2-6
Daily Fish Consumption Rates Among Adults
Fish Consumption by Columbia River Tribesa


Percentile grams/day


50th 29-32


90th 97-130


95th 170


99th 389


 Columbia River Inter-Tribal Commission, 1994.a
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Table 2-7
Fish Consumption Rates used in this Study


Subpopulation Fish Consumption Rate (g/day)a


High-end Adult 60


High-end Child 20


Recreational Angler 30


 Columbia River Inter-Tribal Commission, 1994.a


The fish consumed by humans in both the hypothetical eastern and western sites were obtained
from lakes. The drainage lakes were assumed to be circular  with a diameter of 1.78 km and average
depth of 5 m. A 2 cm benthic sediment depth was assumed for the lakes. The watershed area associated
with each lake was 37.3 km . 2


2.3 Summary of Exposure Parameter Values


To a large degree, there are only a few parameters that vary across these scenarios.  Table 2-8
categorizes exposure parameters as invariant or variant with each scenario.  A complete list of the values
used and rationale for these values is given in Appendix A.


Table 2-8
Potential Dependency of Exposure Parameters


Parameters Constant Across Scenarios Parameters that Potentially Change Across
Scenarios


Body weight Fish ingestion rates


Exposure duration Contact fractions for vegetables, animal products, and
water 


Inhalation rate Contact time for inhalation


Animal and vegetable consumption rates Child soil ingestion rates


Adult soil ingestion rates


Drinking water ingestion rates


Table 2-9 shows the default values for the scenario-independent parameters for both the child
and adult receptors, and Table 2-10 shows the default values for the scenario-dependent exposure
parameters. The technical bases for these values are in Appendix A.  The hypothetical scenarios are
discussed in more detail in the following sections.
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Table 2-9
Default Values of Scenario-Independent Exposure Parameters


Parameter Adult Child


Default Valuea


Body weight (kg) 70 17


Inhalation rate (m /day) 20 163


Vegetable consumption rates (g dry weight/kg body weight/day)b


Leafy vegetables 0.028 0.008


Grains and cereals 1.87 3.77


Legumes 0.381 0.666


Potatoes 0.17 0.274


Root vegetables 0.024 0.036


Fruits 0.57 0.223


Fruiting vegetables 0.064 0.12


Animal product consumption rates (g dry weight/kg body weight/day)


Beef (excluding liver) 0.341 0.553


Beef liver 0.066 0.025


Dairy 0.599 2.04


Pork 0.169 0.236


Poultry 0.111 0.214


Eggs 0.073 0.093


Lamb 0.057 0.061


Soil Ingestion rates (g/day) 0.1 Scenario-
dependent


Water ingestion rate (L/day) 2 1


 See Appendix A for details regarding these parameter values.a


 DW= dry weight; BW = bodyweight.b
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Table 2-10
Values for Scenario-Dependent Exposure Parametersa


Parameter Adult Child Adult Resident Gardener Child Adult Child Adult


Rural Subsistence Rural Home Recreational
Farmer Gardener Urban Scenarios High End Fisher Angler


Adult Home Pica


Fish Ingestion rates (g/day) NA NA NA NA NA NA 60 20 30c


Soil Ingestion Rate (g/day) 0.1 0.2 0.1 0.1 0.1 7.5 0.1 0.2 0.1


Contact time for inhalation (hr/day)
24 24 24 16 24 24 24 24 24


Contact fractions (unitless)


Animal products 1 1 NA NA NA NA NA NA NA


Leafy vegetables 1 1 0.058 NA 0.026 NA 0.058 0.058 NA


Grains and cereals 1 1 0.667 NA 0.195 NA 0.667 0.667 NA


Legumes 1 1 0.8 NA 0.5 NA 0.8 0.8 NA


Potatoes 1 1 0.225 NA 0.031 NA 0.225 0.225 NA


Fruits 1 1 0.233 NA 0.076 NA 0.233 0.233 NA


Fruiting vegetables 1 1 0.623 NA 0.317 NA 0.623 0.623 NA


Root vegetables 1 1 0.268 NA 0.073 NA 0.268 0.268 NA


Drinking water 1 1 NA NA NA NA 1 1 1b


 See Appendix A for more details regarding these values.a


 The source of the contaminated drinking water is different for the subsistence farmer and high end fisher scenarios.b


 NA - Not Considered to be Applicable to this assessment.  For example, urban residents were assumed to eat no locally caught fish.  Any fish ingested by this subpopulation wasc


considered to be contaminated by mercury from outside the modeling domain and, thus, not considered.
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Consumption rates, bioconcentration factors, and biotransfer factors may be derived based on tissue
(plant, animal, and dairy) weights on either a wet or dry basis.  Wet weight and dry weight are related by
this formula:


Dry Weight = Wet Weight / (1 - moisture content)


It is critical that parameters used together are consistent based on either dry weight or wet weight.  Many
plants are nearly 90% water, and a mix of wet and dry weight modeling parameters can result in a ten-
fold error.  The fish BAF and fish consumption rates in this Report were calculated using wet weight
values.  Consumption rates, plant bioaccumulation factors, and animal biotransfer factors were all based
upon dry weights of tissues.


Animal and plant consumption rates as well as inhalation rates are constant across exposure
scenarios.  The contact fraction changes generally across the exposure scenarios.  The contact fraction
represents the fraction of locally-grown or affected food consumed.  Typically, in exposure assessments
the higher the contact fraction the greater the exposure.


2.4 Emissions Sources


Model plants (hypothetical anthropogenic mercury emissions sources) representing four source
classes were developed to represent a range of mercury emissions sources.  The source categories were
selected for the indirect exposure analysis based on their estimated annual mercury emissions or their
potential to be localized point sources of concern.  The categories selected were these:  municipal waste
combustors (MWCs), medical waste incinerators (MWIs), utility boilers, and chlor-alkali plants.  Table
2-11 shows the process parameters assumed for each of these facilities. The characteristics of the
facilities were derived based on typical rather than extreme representations; the facilities are known as
model plants (See Volume II).


2.5 Predicted Concentrations in Environmental Media


High rates of mercury deposition were associated with proximity to industrial sources emitting
substantial levels of divalent mercury (Tables 2-12 and 2-15).  Additional factors that contributed to high
local deposition rates include low stack height and slow stack exit gas velocities.  In general, predicted
mercury concentrations in environmental media at 2.5 km were higher than levels predicted at 10 or 25
km.  This was due primarily to the dilution of the mercury emissions in the atmosphere.  Mercury
concentrations in biota also typically demonstrated the same pattern. When the two hypothetical
locations were compared (western and eastern), higher mercury concentrations were predicted to occur in
the environmental media and biota at the eastern location.  This was due primarily to higher levels of
precipitation at the eastern site, which tends to remove mercury from the atmosphere. Also, the
assumptions of background mercury are higher for the eastern than the western site. This is also
attributed  to the generally higher precipitation rates in the eastern United States.
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Table 2-11
Process Parameters for the Model Plants Considered in the Local Impact Analysis


Model Plant Plant  (% of Height Diameter  Rate (Hg /Hg Velocity Temp.
Size year) (ft) (ft) (kg/yr) /Hg ) (m/sec) (°F)


Capacity Stack Stack Emission  Percent Exit Exit
Hg Speciation


0 2+


P


Large Municipal 2,250 90% 230 9.5 220 21.9 285
Waste tons/day 60/30/10
Combustors


Small Municipal 200 90% 140 5 20 60/30/10 21.9 375
Waste tons/day
Combustors


Large 1500 88% 40 2.7 4.58 33/50/17 9.4 175
Commercial lb/hr
HMI capacity
Waste (1000
Incinerator lb/hr
(Wetscrubber) actual)


Large Hospital 1000 39% 40 2.3 23.9 2/73/25 16 1500
HMI  Waste lb/hr
Incinerators capacity
(Good (667
Combustion) lb/hr


actual)


Small Hospital 100 lb/hr 27% 40 0.9 1.34 2/73/27 10.4 1500
HMI  Waste capacity
Incinerators (67 lb/hr
(1/4 sec. actual)
Combustion)


Large Hospital 1000 39% 40 2.3 0.84 33/50/17 9.0 175
HMI  Waste lb/hr
Incinerators capacity
(Wet Scrubber) (667


lb/hr
actual)







Table 2-11 (continued)
Process Parameters for the Model Plants Considered in the Local Impact Analysis


Model Plant Plant  (% of Height Diameter  Rate (Hg /Hg Velocity Temp.
Size year) (ft) (ft) (kg/yr) /Hg ) (m/sec) (°F)


Capacity Stack Stack Emission  Percent Exit Exit
Hg Speciation


0 2+


P
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Small Hospital 100 lb/hr 27% 40 0.9 0.05 33/50/17 5.6 175
HMI  Waste capacity
Incinerators (67 lb/hr
(Wet Scrubber) actual)


Large Coal-fired 975 65% 732 27 230 50/30/20 31.1 273
Utilit y Boiler Megawat


ts


Medium 375 65% 465 18 90 50/30/20 26.7 275
Coal-fired Megawat
Utilit y Boiler ts


Small Coal-fired 100 65% 266 12 10 50/30/20 6.6 295
Utilit y Boiler Megawat


ts


Medium 285 65% 290 14 2 50/30/20 20.7 322
Oil-fired Utilit y Megawat
Boiler ts


Chlor-alkali 300 tons 90% 10 0.5 380 70/30/0 0.1 Ambie
plant chlorine/ nt


day


 Hg   =  Elemental Mercurya 0


 Hg   = Divalent Vapor Phase Mercuryb 2+


 Hg    = Particle-Bound Mercuryc
P
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Table 2-12
Predicted Mercury Values for Environmental Media at Eastern Site (ISC3 + RELMAP 50th)


50th Percentile
Plant Distance Air Concentration %RelMap %ISC Total Deposition %RelMap %ISC Total %Bac %Rel %ISC


(ng/m3) (ug/m2/yr) Hg Soil kgrou Map
Concent nd
ration in
Untilled
Soil
(ng/g)


Variant b:Large Municipal Waste Combustor 2.5 km 1.7E+00 97% 3% 4.2E+01 34% 66% 1.0E+02 46% 8% 47%


10 km 1.7E+00 98% 2% 2.6E+01 57% 43% 7.4E+01 63% 11% 26%


25 km 1.7E+00 99% 1% 1.9E+01 78% 22% 6.1E+01 76% 13% 11%


Variant b:Small Municipal Waste Combustor 2.5 km 1.7E+00 99% 1% 1.9E+01 74% 26% 6.3E+01 74% 12% 14%


10 km 1.7E+00 100% 0% 1.6E+01 90% 10% 5.7E+01 82% 14% 5%


25 km 1.7E+00 100% 0% 1.5E+01 97% 3% 5.5E+01 85% 14% 1%


Large Commercial HMI 2.5 km 1.7E+00 99% 1% 1.9E+01 76% 24% 6.2E+01 75% 12% 13%


10 km 1.7E+00 100% 0% 1.5E+01 95% 5% 5.6E+01 84% 14% 2%


25 km 1.7E+00 100% 0% 1.5E+01 99% 1% 5.5E+01 85% 14% 1%


Large Hospital HMI 2.5 km 1.7E+00 97% 3% 4.4E+01 33% 67% 1.1E+02 44% 7% 48%


10 km 1.7E+00 99% 1% 2.0E+01 74% 26% 6.3E+01 74% 12% 14%


25 km 1.7E+00 100% 0% 1.6E+01 92% 8% 5.7E+01 82% 14% 4%


Small Hospital HMI 2.5 km 1.7E+00 100% 0% 1.6E+01 88% 12% 5.8E+01 81% 13% 6%


10 km 1.7E+00 100% 0% 1.5E+01 98% 2% 5.5E+01 85% 14% 1%


25 km 1.7E+00 100% 0% 1.5E+01 100% 0% 5.5E+01 86% 14% 0%


Large Hospital HMI (wet scrubber) 2.5 km 1.7E+00 100% 0% 1.5E+01 94% 6% 5.6E+01 84% 14% 3%


10 km 1.7E+00 100% 0% 1.5E+01 99% 1% 5.5E+01 85% 14% 0%


25 km 1.7E+00 100% 0% 1.5E+01 100% 0% 5.5E+01 86% 14% 0%


Small Hospital HMI (wet scrubber) 2.5 km 1.7E+00 100% 0% 1.5E+01 100% 0% 5.5E+01 86% 14% 0%


10 km 1.7E+00 100% 0% 1.5E+01 100% 0% 5.4E+01 86% 14% 0%


25 km 1.7E+00 100% 0% 1.5E+01 100% 0% 5.4E+01 86% 14% 0%


Large Coal-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 3.0E+01 48% 52% 8.1E+01 58% 10% 33%


10 km 1.7E+00 100% 0% 1.7E+01 83% 17% 5.9E+01 79% 13% 8%


25 km 1.7E+00 100% 0% 1.6E+01 93% 7% 5.6E+01 83% 14% 3%


Medium Coal-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 2.1E+01 68% 32% 6.6E+01 71% 12% 18%


10 km 1.7E+00 100% 0% 1.6E+01 89% 11% 5.8E+01 81% 13% 5%


25 km 1.7E+00 100% 0% 1.5E+01 94% 6% 5.6E+01 84% 14% 3%


Small Coal-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 1.6E+01 90% 10% 5.7E+01 82% 14% 5%


10 km 1.7E+00 100% 0% 1.5E+01 96% 4% 5.5E+01 84% 14% 2%


25 km 1.7E+00 100% 0% 1.5E+01 99% 1% 5.5E+01 85% 14% 1%


Medium OIl-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 1.5E+01 99% 1% 5.5E+01 85% 14% 1%


10 km 1.7E+00 100% 0% 1.5E+01 100% 0% 5.5E+01 86% 14% 0%


25 km 1.7E+00 100% 0% 1.5E+01 100% 0% 5.5E+01 86% 14% 0%


Chlor-alkali plant 2.5 km 4.0E+00 42% 58% 2.5E+02 6% 94% 4.5E+02 10% 2% 88%


10 km 2.1E+00 79% 21% 4.6E+01 32% 68% 1.1E+02 43% 7% 50%


25 km 1.8E+00 92% 8% 2.2E+01 65% 35% 6.8E+01 69% 11% 20%


Table 2-13
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Predicted Mercury Values for Environmental Media at Eastern Site (ISC3 + RELMAP 90th)


90th Percentile
Plant Distance Air Concentration %RelMap %ISC Total Deposition %RelMap %ISC Total Hg Soil %Backgro %Rel %ISC


(ng/m3) (ug/m2/yr) Concentration und Map
in Untilled Soil
(ng/g)


Variant b:Large Municipal Waste Combustor2.5 km 1.8E+00 97% 3% 5.5E+01 50% 50% 1.2E+02 38% 24% 38%


10 km 1.8E+00 98% 2% 3.8E+01 71% 29% 9.5E+01 49% 31% 20%


25 km 1.7E+00 99% 1% 3.1E+01 87% 13% 8.3E+01 56% 35% 8%


Variant b:Small Municipal Waste Combustor 2.5 km 1.7E+00 99% 1% 3.2E+01 85% 15% 8.5E+01 55% 35% 10%


10 km 1.7E+00 100% 0% 2.9E+01 95% 5% 7.9E+01 59% 37% 3%


25 km 1.7E+00 100% 0% 2.8E+01 98% 2% 7.7E+01 61% 38% 1%


Large Commercial HMI 2.5 km 1.7E+00 99% 1% 3.2E+01 85% 15% 8.4E+01 55% 35% 9%


10 km 1.7E+00 100% 0% 2.8E+01 98% 2% 7.7E+01 60% 38% 2%


25 km 1.7E+00 100% 0% 2.7E+01 99% 1% 7.7E+01 61% 39% 0%


Large Hospital HMI 2.5 km 1.8E+00 97% 3% 5.7E+01 48% 52% 1.3E+02 37% 23% 40%


10 km 1.7E+00 99% 1% 3.2E+01 84% 16% 8.5E+01 55% 35% 10%


25 km 1.7E+00 100% 0% 2.8E+01 96% 4% 7.8E+01 60% 38% 3%


Small Hospital HMI 2.5 km 1.7E+00 100% 0% 2.9E+01 93% 7% 8.0E+01 59% 37% 4%


10 km 1.7E+00 100% 0% 2.7E+01 99% 1% 7.7E+01 61% 38% 1%


25 km 1.7E+00 100% 0% 2.7E+01 100% 0% 7.6E+01 61% 39% 0%


Large Hospital HMI (wet scrubber) 2.5 km 1.7E+00 100% 0% 2.8E+01 97% 3% 7.8E+01 60% 38% 2%


10 km 1.7E+00 100% 0% 2.7E+01 100% 0% 7.6E+01 61% 39% 0%


25 km 1.7E+00 100% 0% 2.7E+01 100% 0% 7.6E+01 61% 39% 0%


Small Hospital HMI (wet scrubber) 2.5 km 1.7E+00 100% 0% 2.7E+01 100% 0% 7.6E+01 61% 39% 0%


10 km 1.7E+00 100% 0% 2.7E+01 100% 0% 7.6E+01 61% 39% 0%


25 km 1.7E+00 100% 0% 2.7E+01 100% 0% 7.6E+01 61% 39% 0%


Large Coal-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 4.3E+01 64% 36% 1.0E+02 45% 29% 26%


10 km 1.7E+00 100% 0% 3.0E+01 90% 10% 8.1E+01 57% 36% 6%


25 km 1.7E+00 100% 0% 2.8E+01 96% 4% 7.8E+01 60% 38% 2%


Medium Coal-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 3.4E+01 80% 20% 8.8E+01 53% 34% 13%


10 km 1.7E+00 100% 0% 2.9E+01 94% 6% 7.9E+01 59% 37% 4%


25 km 1.7E+00 100% 0% 2.8E+01 97% 3% 7.8E+01 60% 38% 2%


Small Coal-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 2.9E+01 94% 6% 7.9E+01 59% 37% 3%


10 km 1.7E+00 100% 0% 2.8E+01 98% 2% 7.7E+01 60% 38% 1%


25 km 1.7E+00 100% 0% 2.7E+01 99% 1% 7.7E+01 61% 39% 0%


Medium OIl-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 2.7E+01 99% 1% 7.7E+01 61% 39% 0%


10 km 1.7E+00 100% 0% 2.7E+01 100% 0% 7.6E+01 61% 39% 0%


25 km 1.7E+00 100% 0% 2.7E+01 100% 0% 7.6E+01 61% 39% 0%


Chlor-alkali plant 2.5 km 4.0E+00 43% 57% 2.6E+02 10% 90% 4.8E+02 10% 6% 84%


10 km 2.2E+00 79% 21% 5.9E+01 46% 54% 1.3E+02 36% 23% 41%


25 km 1.9E+00 92% 8% 3.5E+01 77% 23% 9.0E+01 52% 33% 15%







2-17


Table 2-14
Predicted Mercury Values in Water Column and Biota for Eastern Site


 (ISC3 + RELMAP 50th)


50th Percentile
MHg Tier 4 %Backgro %Rel %ISC Total Hg Grain %Bac %Rel %ISC


Dissolv Fish und Map Concentration kgrou Map
ed MHg (ng/g) nd


Water Concent
Conc.( ration
ng/l) (ug/g)


Variant b:Large Municipal Waste 2.5 km 1.7E-01 1.1E+00 38% 7% 54% 2.1E+00 93% 3% 4%
Combustor


10 km 1.1E-01 7.6E-01 58% 11% 31% 2.1E+00 94% 3% 2%


25 km 8.9E-02 6.0E-01 73% 14% 13% 2.1E+00 95% 3% 1%


Variant b:Small Municipal Waste 2.5 km 9.5E-02 6.4E-01 68% 13% 18% 2.1E+00 96% 3% 1%
Combustor


10 km 8.2E-02 5.6E-01 79% 15% 6% 2.1E+00 96% 3% 0%


25 km 7.9E-02 5.3E-01 83% 16% 2% 2.1E+00 96% 3% 0%


Large Commercial HMI 2.5 km 9.6E-02 6.5E-01 68% 13% 19% 2.1E+00 96% 3% 1%


10 km 8.0E-02 5.4E-01 82% 16% 3% 2.1E+00 96% 3% 0%


25 km 7.8E-02 5.3E-01 83% 16% 1% 2.1E+00 97% 3% 0%


Large Hospital HMI 2.5 km 1.9E-01 1.3E+00 34% 6% 60% 2.1E+00 93% 3% 4%


10 km 9.4E-02 6.4E-01 69% 13% 18% 2.1E+00 96% 3% 1%


25 km 8.1E-02 5.5E-01 80% 15% 5% 2.1E+00 96% 3% 0%


Small Hospital HMI 2.5 km 8.5E-02 5.8E-01 76% 15% 9% 2.1E+00 96% 3% 0%


10 km 7.8E-02 5.3E-01 83% 16% 1% 2.1E+00 97% 3% 0%


25 km 7.8E-02 5.3E-01 84% 16% 0% 2.1E+00 97% 3% 0%


Large Hospital HMI (wet scrubber) 2.5 km 8.1E-02 5.5E-01 80% 15% 4% 2.1E+00 96% 3% 0%


10 km 7.8E-02 5.3E-01 84% 16% 1% 2.1E+00 97% 3% 0%


25 km 7.7E-02 5.3E-01 84% 16% 0% 2.1E+00 97% 3% 0%


Small Hospital HMI (wet scrubber) 2.5 km 7.8E-02 5.3E-01 84% 16% 0% 2.1E+00 97% 3% 0%


10 km 7.7E-02 5.3E-01 84% 16% 0% 2.1E+00 97% 3% 0%


25 km 7.7E-02 5.3E-01 84% 16% 0% 2.1E+00 97% 3% 0%


Large Coal-fired Utility Boiler 2.5 km 1.3E-01 9.1E-01 48% 9% 42% 2.1E+00 96% 3% 1%


10 km 8.6E-02 5.9E-01 75% 14% 10% 2.1E+00 96% 3% 0%


25 km 8.0E-02 5.5E-01 81% 15% 4% 2.1E+00 96% 3% 0%


Medium Coal-fired Utility Boiler 2.5 km 1.0E-01 6.9E-01 64% 12% 24% 2.1E+00 96% 3% 0%


10 km 8.3E-02 5.6E-01 78% 15% 7% 2.1E+00 96% 3% 0%


25 km 8.0E-02 5.4E-01 81% 16% 3% 2.1E+00 96% 3% 0%


Small Coal-fired Utility Boiler 2.5 km 8.3E-02 5.6E-01 79% 15% 6% 2.1E+00 96% 3% 0%


10 km 7.9E-02 5.4E-01 82% 16% 2% 2.1E+00 96% 3% 0%


25 km 7.8E-02 5.3E-01 83% 16% 1% 2.1E+00 97% 3% 0%


Medium OIl-fired Utility Boiler 2.5 km 7.8E-02 5.3E-01 83% 16% 1% 2.1E+00 97% 3% 0%


10 km 7.8E-02 5.3E-01 84% 16% 0% 2.1E+00 97% 3% 0%


25 km 7.7E-02 5.3E-01 84% 16% 0% 2.1E+00 97% 3% 0%


Chlor-alkali plant 2.5 km 1.0E+0 6.8E+00 6% 1% 92% 4.5E+00 44% 2% 54%
0


10 km 1.8E-01 1.2E+00 37% 7% 56% 2.5E+00 79% 3% 18%


25 km 1.0E-01 6.8E-01 65% 12% 23% 2.2E+00 90% 3% 7%
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Table 2-15
Predicted Mercury Values in Water Column and Biota for Eastern Site


 (ISC3 + RELMAP 90th)


MHg Tier 4 %Backgro %Rel %ISC Total Hg Grain %Bac %Rel %ISC
Dissolv Fish und Map Concentration kgrou Map


ed MHg (ng/g) nd
Water Concent
Conc.( ration
ng/l) (ug/g)


Variant b:Large Municipal Waste 2 . 5 2.0E-01 1.4E+00 32% 23% 45% 2.2E+00 90% 6% 4%
Combustor km 


10 km 1.5E-01 9.9E-01 44% 32% 23% 2.2E+00 91% 6% 2%


25 km 1.2E-01 8.4E-01 52% 38% 9% 2.1E+00 93% 6% 1%


Variant b:Small Municipal Waste 2 . 5 1.3E-01 8.8E-01 50% 36% 13% 2.1E+00 93% 6% 1%
Combustor km 


10 km 1.2E-01 8.0E-01 55% 40% 4% 2.1E+00 93% 6% 0%


25 km 1.1E-01 7.7E-01 57% 42% 1% 2.1E+00 94% 6% 0%


Large Commercial HMI 2 . 5 1.3E-01 8.9E-01 50% 36% 14% 2.1E+00 93% 6% 1%
km 


10 km 1.1E-01 7.8E-01 57% 41% 2% 2.1E+00 94% 6% 0%


25 km 1.1E-01 7.7E-01 58% 42% 0% 2.1E+00 94% 6% 0%


Large Hospital HMI 2 . 5 2.3E-01 1.5E+00 29% 21% 51% 2.2E+00 90% 6% 4%
km 


10 km 1.3E-01 8.8E-01 50% 37% 13% 2.1E+00 93% 6% 1%


25 km 1.2E-01 7.9E-01 56% 41% 3% 2.1E+00 93% 6% 0%


Small Hospital HMI 2 . 5 1.2E-01 8.2E-01 54% 39% 7% 2.1E+00 93% 6% 0%
km 


10 km 1.1E-01 7.7E-01 57% 42% 1% 2.1E+00 94% 6% 0%


25 km 1.1E-01 7.6E-01 58% 42% 0% 2.1E+00 94% 6% 0%


Large Hospital HMI (wet scrubber) 2 . 5 1.2E-01 7.9E-01 56% 41% 3% 2.1E+00 94% 6% 0%
km 


10 km 1.1E-01 7.7E-01 58% 42% 0% 2.1E+00 94% 6% 0%


25 km 1.1E-01 7.6E-01 58% 42% 0% 2.1E+00 94% 6% 0%


Small Hospital HMI (wet scrubber) 2 . 5 1.1E-01 7.6E-01 58% 42% 0% 2.1E+00 94% 6% 0%
km 


10 km 1.1E-01 7.6E-01 58% 42% 0% 2.1E+00 94% 6% 0%


25 km 1.1E-01 7.6E-01 58% 42% 0% 2.1E+00 94% 6% 0%


Large Coal-fired Utility Boiler 2 . 5 1.7E-01 1.1E+00 38% 28% 34% 2.1E+00 93% 6% 1%
km 


10 km 1.2E-01 8.2E-01 54% 39% 7% 2.1E+00 93% 6% 0%


25 km 1.2E-01 7.8E-01 56% 41% 3% 2.1E+00 94% 6% 0%


Medium Coal-fired Utility Boiler 2 . 5 1.4E-01 9.3E-01 48% 35% 18% 2.1E+00 93% 6% 0%
km 


10 km 1.2E-01 8.0E-01 55% 40% 5% 2.1E+00 94% 6% 0%


25 km 1.1E-01 7.8E-01 57% 41% 2% 2.1E+00 94% 6% 0%


Small Coal-fired Utility Boiler 2 . 5 1.2E-01 8.0E-01 55% 40% 5% 2.1E+00 94% 6% 0%
km 


10 km 1.1E-01 7.8E-01 57% 41% 2% 2.1E+00 94% 6% 0%


25 km 1.1E-01 7.7E-01 58% 42% 1% 2.1E+00 94% 6% 0%


Medium OIl-fired Utility Boiler 2 . 5 1.1E-01 7.7E-01 58% 42% 1% 2.1E+00 94% 6% 0%
km 


10 km 1.1E-01 7.6E-01 58% 42% 0% 2.1E+00 94% 6% 0%


25 km 1.1E-01 7.6E-01 58% 42% 0% 2.1E+00 94% 6% 0%


Chlor-alkali plant 2 . 5 1.0E+0 7.1E+00 6% 5% 89% 4.6E+00 43% 3% 54%
km 0


10 km 2.1E-01 1.4E+00 31% 22% 47% 2.6E+00 77% 5% 18%


25 km 1.4E-01 9.2E-01 48% 35% 17% 2.3E+00 88% 6% 6%







Table 2-16 (continued)
Predicted Mercury Values for Environmental Media at Western Site (ISC3 + RELMAP 50th)
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Table 2-16
Predicted Mercury Values for Environmental Media at Western Site (ISC3 + RELMAP 50th)


 50th Percentile
Plant Distance Air Concentration %RelMap %ISC Total Deposition %RelMap %ISC Total %Bac %Rel %ISC


(ng/m3) (ug/m2/yr) H g Soil kgrou Map
Concent nd
ration in
Untilled
Soil
(ng/g)


Variant b:Large Municipal Waste Combustor2.5 km 1.7E+00 98% 2% 2.0E+01 11% 89% 3.8E+01 20% 1% 79%


10 km 1.6E+00 98% 2% 1.1E+01 20% 80% 2.3E+01 33% 2% 65%


25 km 1.6E+00 99% 1% 5.6E+00 41% 59% 1.3E+01 56% 4% 40%


Variant b:Small Municipal Waste Combustor 2.5 km 1.6E+00 99% 1% 6.2E+00 38% 62% 1.4E+01 53% 4% 44%


10 km 1.6E+00 100% 0% 3.4E+00 68% 32% 9.9E+00 76% 5% 18%


25 km 1.6E+00 100% 0% 2.7E+00 87% 13% 8.6E+00 87% 6% 6%


Large Commercial HMI 2.5 km 1.6E+00 99% 1% 6.0E+00 38% 62% 1.4E+01 53% 4% 43%


10 km 1.6E+00 100% 0% 2.8E+00 83% 17% 8.9E+00 85% 6% 9%


25 km 1.6E+00 100% 0% 2.4E+00 95% 5% 8.3E+00 91% 6% 2%


Large Hospital HMI 2.5 km 1.7E+00 98% 2% 2.7E+01 9% 91% 4.8E+01 16% 1% 83%


10 km 1.6E+00 99% 1% 5.9E+00 39% 61% 1.4E+01 54% 4% 42%


25 km 1.6E+00 100% 0% 3.3E+00 71% 29% 9.6E+00 79% 5% 16%


Small Hospital HMI 2.5 km 1.6E+00 100% 0% 3.9E+00 59% 41% 1.1E+01 71% 5% 24%


10 km 1.6E+00 100% 0% 2.5E+00 92% 8% 8.4E+00 90% 6% 4%


25 km 1.6E+00 100% 0% 2.4E+00 98% 2% 8.2E+00 93% 6% 1%


Large Hospital HMI (wet scrubber) 2.5 km 1.6E+00 100% 0% 3.0E+00 77% 23% 9.2E+00 82% 6% 12%


10 km 1.6E+00 100% 0% 2.4E+00 96% 4% 8.2E+00 92% 6% 2%


25 km 1.6E+00 100% 0% 2.3E+00 99% 1% 8.1E+00 93% 6% 0%


Small Hospital HMI (wet scrubber) 2.5 km 1.6E+00 100% 0% 2.4E+00 98% 2% 8.2E+00 93% 6% 1%


10 km 1.6E+00 100% 0% 2.3E+00 100% 0% 8.1E+00 93% 6% 0%


25 km 1.6E+00 100% 0% 2.3E+00 100% 0% 8.1E+00 94% 6% 0%


Large Coal-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 5.8E+00 40% 60% 1.4E+01 55% 4% 42%


10 km 1.6E+00 100% 0% 3.5E+00 67% 33% 9.9E+00 76% 5% 19%


25 km 1.6E+00 100% 0% 3.3E+00 69% 31% 9.8E+00 78% 5% 17%


Medium Coal-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 4.3E+00 53% 47% 1.1E+01 66% 5% 29%


10 km 1.6E+00 100% 0% 3.7E+00 63% 37% 1.0E+01 73% 5% 22%


25 km 1.6E+00 100% 0% 3.2E+00 73% 27% 9.5E+00 79% 5% 15%


Small Coal-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 3.4E+00 69% 31% 9.8E+00 77% 5% 18%







Table 2-16 (continued)
Predicted Mercury Values for Environmental Media at Western Site (ISC3 + RELMAP 50th)


 50th Percentile
Plant Distance Air Concentration %RelMap %ISC Total Deposition %RelMap %ISC Total %Bac %Rel %ISC


(ng/m3) (ug/m2/yr) H g Soil kgrou Map
Concent nd
ration in
Untilled
Soil
(ng/g)
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10 km 1.6E+00 100% 0% 2.8E+00 84% 16% 8.8E+00 86% 6% 8%


25 km 1.6E+00 100% 0% 2.5E+00 94% 6% 8.3E+00 91% 6% 3%


Medium OIl-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 2.4E+00 96% 4% 8.2E+00 92% 6% 2%


10 km 1.6E+00 100% 0% 2.4E+00 97% 3% 8.2E+00 92% 6% 1%


25 km 1.6E+00 100% 0% 2.3E+00 99% 1% 8.1E+00 93% 6% 1%


Chlor-alkali plant 2.5 km 3.5E+00 46% 54% 1.9E+02 1% 99% 3.2E+02 2% 0% 97%


10 km 1.9E+00 84% 16% 2.5E+01 9% 91% 4.5E+01 17% 1% 82%


25 km 1.7E+00 94% 6% 8.1E+00 28% 72% 1.8E+01 43% 3% 54%
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Table 2-17
Predicted Mercury Values for Environmental Media at Western Site (ISC3 + RELMAP 90th)


90th Percentile
Plant Distance Air Concentration %RelMap %ISC Total Deposition %RelMap %ISC Total %Bac %Rel %ISC


(ng/m3) (ug/m2/yr) H g Soil kgrou Map
Concent nd
ration in
Untilled
Soil
(ng/g)


Variant b:Large Municipal Waste Combustor2.5 km 1.7E+00 98% 2% 2.6E+01 31% 69% 4.7E+01 16% 21% 63%


10 km 1.7E+00 98% 2% 1.7E+01 47% 53% 3.2E+01 24% 31% 46%


25 km 1.7E+00 99% 1% 1.1E+01 71% 29% 2.3E+01 33% 43% 24%


Variant b:Small Municipal Waste Combustor 2.5 km 1.7E+00 99% 1% 1.2E+01 67% 33% 2.4E+01 32% 41% 27%


10 km 1.6E+00 100% 0% 9.1E+00 88% 12% 1.9E+01 39% 51% 9%


25 km 1.6E+00 100% 0% 8.3E+00 96% 4% 1.8E+01 42% 55% 3%


Large Commercial HMI 2.5 km 1.7E+00 99% 1% 1.2E+01 68% 32% 2.3E+01 32% 42% 26%


10 km 1.6E+00 100% 0% 8.5E+00 94% 6% 1.8E+01 42% 54% 4%


25 km 1.6E+00 100% 0% 8.1E+00 98% 2% 1.8E+01 43% 56% 1%


Large Hospital HMI 2.5 km 1.7E+00 98% 2% 3.2E+01 25% 75% 5.7E+01 13% 17% 70%


10 km 1.7E+00 99% 1% 1.2E+01 69% 31% 2.3E+01 32% 42% 25%


25 km 1.6E+00 100% 0% 8.9E+00 90% 10% 1.9E+01 40% 52% 8%


Small Hospital HMI 2.5 km 1.6E+00 100% 0% 9.6E+00 83% 17% 2.0E+01 38% 49% 13%


10 km 1.6E+00 100% 0% 8.2E+00 98% 2% 1.8E+01 43% 55% 2%


25 km 1.6E+00 100% 0% 8.0E+00 99% 1% 1.7E+01 43% 56% 0%


Large Hospital HMI (wet scrubber) 2.5 km 1.6E+00 100% 0% 8.7E+00 92% 8% 1.9E+01 41% 53% 6%


10 km 1.6E+00 100% 0% 8.1E+00 99% 1% 1.8E+01 43% 56% 1%


25 km 1.6E+00 100% 0% 8.0E+00 100% 0% 1.7E+01 43% 56% 0%


Small Hospital HMI (wet scrubber) 2.5 km 1.6E+00 100% 0% 8.0E+00 99% 1% 1.7E+01 43% 56% 0%


10 km 1.6E+00 100% 0% 8.0E+00 100% 0% 1.7E+01 44% 56% 0%


25 km 1.6E+00 100% 0% 8.0E+00 100% 0% 1.7E+01 44% 56% 0%


Large Coal-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 1.2E+01 69% 31% 2.3E+01 33% 42% 25%


10 km 1.6E+00 100% 0% 9.1E+00 88% 12% 1.9E+01 39% 51% 10%


25 km 1.6E+00 100% 0% 9.0E+00 89% 11% 1.9E+01 40% 52% 9%


Medium Coal-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 1.0E+01 80% 20% 2.1E+01 37% 47% 16%


10 km 1.6E+00 100% 0% 9.4E+00 85% 15% 2.0E+01 39% 50% 11%


25 km 1.6E+00 100% 0% 8.9E+00 90% 10% 1.9E+01 40% 52% 8%


Small Coal-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 9.1E+00 88% 12% 1.9E+01 40% 51% 9%


10 km 1.6E+00 100% 0% 8.5E+00 95% 5% 1.8E+01 42% 54% 4%


25 km 1.6E+00 100% 0% 8.2E+00 98% 2% 1.8E+01 43% 56% 1%


Medium OIl-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 8.1E+00 99% 1% 1.8E+01 43% 56% 1%


10 km 1.6E+00 100% 0% 8.1E+00 99% 1% 1.7E+01 43% 56% 1%


25 km 1.6E+00 100% 0% 8.0E+00 100% 0% 1.7E+01 43% 56% 0%


Chlor-alkali plant 2.5 km 3.6E+00 46% 54% 2.0E+02 4% 96% 3.3E+02 2% 3% 95%


10 km 1.9E+00 84% 16% 3.0E+01 26% 74% 5.4E+01 14% 18% 68%


25 km 1.7E+00 94% 6% 1.4E+01 58% 42% 2.7E+01 28% 36% 35%
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Table 2-18
Predicted Mercury Values in Water Column and Biota for Western Site


 (ISC3 + RELMAP 50th)


50th Percentile
MH g Tier 4 %Backgro %Rel %ISC Total H g Grain %Bac %Rel %ISC


Dissolv Fish und Map Concentration kgrou Map
ed MHg (ng/g) nd


Water Concent
Conc.( ration
ng/l) (ug/g)


Variant b:Large Municipal Waste 2 . 5 8.8E-02 6.0E-01 15% 1% 84% 1.7E+00 96% 1% 3%
Combustor km 


10 km 5.5E-02 3.7E-01 24% 2% 74% 1.7E+00 97% 1% 2%


25 km 2.7E-02 1.9E-01 48% 4% 48% 1.7E+00 98% 1% 1%


Variant b:Small Municipal Waste 2 . 5 3.3E-02 2.3E-01 40% 3% 57% 1.6E+00 98% 1% 1%
Combustor km 


10 km 1.9E-02 1.3E-01 68% 6% 26% 1.6E+00 99% 1% 0%


25 km 1.6E-02 1.1E-01 84% 7% 9% 1.6E+00 99% 1% 0%


Large Commercial HMI 2 . 5 3.4E-02 2.3E-01 39% 3% 58% 1.6E+00 98% 1% 1%
km 


10 km 1.7E-02 1.1E-01 80% 7% 14% 1.6E+00 99% 1% 0%


25 km 1.5E-02 1.0E-01 89% 8% 3% 1.6E+00 99% 1% 0%


Large Hospital HMI 2 . 5 1.4E-01 9.6E-01 9% 1% 90% 1.7E+00 95% 1% 4%
km 


10 km 3.1E-02 2.1E-01 42% 4% 54% 1.6E+00 98% 1% 1%


25 km 1.8E-02 1.2E-01 73% 6% 20% 1.6E+00 99% 1% 0%


Small Hospital HMI 2 . 5 2.3E-02 1.5E-01 58% 5% 37% 1.6E+00 99% 1% 0%
km 


10 km 1.5E-02 1.0E-01 87% 7% 6% 1.6E+00 99% 1% 0%


25 km 1.4E-02 9.8E-02 91% 8% 1% 1.6E+00 99% 1% 0%


Large Hospital HMI (wet scrubber) 2 . 5 1.8E-02 1.2E-01 73% 6% 20% 1.6E+00 99% 1% 0%
km 


10 km 1.5E-02 1.0E-01 90% 8% 3% 1.6E+00 99% 1% 0%


25 km 1.4E-02 9.8E-02 92% 8% 1% 1.6E+00 99% 1% 0%


Small Hospital HMI (wet scrubber) 2 . 5 1.5E-02 9.9E-02 91% 8% 2% 1.6E+00 99% 1% 0%
km 


10 km 1.4E-02 9.7E-02 92% 8% 0% 1.6E+00 99% 1% 0%


25 km 1.4E-02 9.7E-02 92% 8% 0% 1.6E+00 99% 1% 0%


Large Coal-fired Utility Boiler 2 . 5 3.1E-02 2.1E-01 43% 4% 53% 1.6E+00 99% 1% 0%
km 


10 km 1.9E-02 1.3E-01 70% 6% 24% 1.6E+00 99% 1% 0%


25 km 1.8E-02 1.2E-01 73% 6% 21% 1.6E+00 99% 1% 0%


Medium Coal-fired Utility Boiler 2 . 5 2.3E-02 1.5E-01 58% 5% 37% 1.6E+00 99% 1% 0%
km 


10 km 2.0E-02 1.4E-01 66% 6% 28% 1.6E+00 99% 1% 0%


25 km 1.8E-02 1.2E-01 74% 6% 19% 1.6E+00 99% 1% 0%


Small Coal-fired Utility Boiler 2 . 5 1.9E-02 1.3E-01 70% 6% 24% 1.6E+00 99% 1% 0%
km 


10 km 1.6E-02 1.1E-01 81% 7% 13% 1.6E+00 99% 1% 0%


25 km 1.5E-02 1.0E-01 88% 7% 4% 1.6E+00 99% 1% 0%


Medium OIl-fired Utility Boiler 2 . 5 1.5E-02 1.0E-01 90% 8% 2% 1.6E+00 99% 1% 0%
km 


10 km 1.5E-02 9.9E-02 91% 8% 2% 1.6E+00 99% 1% 0%


25 km 1.4E-02 9.8E-02 92% 8% 1% 1.6E+00 99% 1% 0%


Chlor-alkali plant 2 . 5 1.0E+0 6.9E+00 1% 0% 99% 3.7E+00 44% 0% 56%
km 0


10 km 1.2E-01 8.0E-01 11% 1% 88% 1.9E+00 83% 1% 16%


25 km 3.7E-02 2.5E-01 36% 3% 61% 1.7E+00 93% 1% 6%
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Table 2-19
Predicted Mercury Values in Water Column and Biota for Western Site


(ISC3 + RELMAP 90th)


90th Percentile
MH g Tier 4 %Backgro %Rel %ISC Total H g Grain %Bac %Rel %ISC


Dissolv Fish und Map Concentration kgrou Map
ed MHg (ng/g) nd


Water Concent
Conc.( ration
ng/l) (ug/g)


Variant b:Large Municipal Waste 2 . 5 1.1E-01 7.3E-01 12% 19% 68% 1.7E+00 94% 3% 3%
Combustor km 


10 km 7.5E-02 5.1E-01 18% 28% 54% 1.7E+00 95% 3% 2%


25 km 4.7E-02 3.2E-01 28% 45% 28% 1.7E+00 96% 3% 1%


Variant b:Small Municipal Waste 2 . 5 5.3E-02 3.6E-01 25% 39% 36% 1.7E+00 96% 3% 1%
Combustor km 


10 km 3.9E-02 2.7E-01 34% 53% 13% 1.7E+00 97% 3% 0%


25 km 3.5E-02 2.4E-01 37% 59% 4% 1.7E+00 97% 3% 0%


Large Commercial HMI 2 . 5 5.4E-02 3.6E-01 25% 39% 36% 1.7E+00 96% 3% 1%
km 


10 km 3.6E-02 2.5E-01 36% 58% 6% 1.7E+00 97% 3% 0%


25 km 3.5E-02 2.4E-01 38% 61% 1% 1.7E+00 97% 3% 0%


Large Hospital HMI 2 . 5 1.6E-01 1.1E+00 8% 13% 79% 1.7E+00 94% 3% 4%
km 


10 km 5.1E-02 3.5E-01 26% 41% 33% 1.7E+00 96% 3% 1%


25 km 3.8E-02 2.6E-01 35% 55% 10% 1.7E+00 97% 3% 0%


Small Hospital HMI 2 . 5 4.3E-02 2.9E-01 31% 49% 20% 1.7E+00 97% 3% 0%
km 


10 km 3.5E-02 2.4E-01 38% 60% 3% 1.7E+00 97% 3% 0%


25 km 3.4E-02 2.3E-01 38% 61% 1% 1.7E+00 97% 3% 0%


Large Hospital HMI (wet 2 . 5 3.8E-02 2.6E-01 35% 55% 10% 1.7E+00 97% 3% 0%
scrubber) km 


10 km 3.5E-02 2.3E-01 38% 61% 1% 1.7E+00 97% 3% 0%


25 km 3.4E-02 2.3E-01 39% 61% 0% 1.7E+00 97% 3% 0%


Small Hospital HMI (wet 2 . 5 3.4E-02 2.3E-01 38% 61% 1% 1.7E+00 97% 3% 0%
scrubber) km 


10 km 3.4E-02 2.3E-01 39% 61% 0% 1.7E+00 97% 3% 0%


25 km 3.4E-02 2.3E-01 39% 61% 0% 1.7E+00 97% 3% 0%


Large Coal-fired Utility Boiler 2 . 5 5.0E-02 3.4E-01 26% 42% 32% 1.7E+00 97% 3% 0%
km 


10 km 3.9E-02 2.6E-01 34% 54% 12% 1.7E+00 97% 3% 0%


25 km 3.8E-02 2.6E-01 35% 55% 10% 1.7E+00 97% 3% 0%


Medium Coal-fired Utility Boiler 2 . 5 4.3E-02 2.9E-01 31% 49% 20% 1.7E+00 97% 3% 0%
km 


10 km 4.0E-02 2.7E-01 33% 53% 14% 1.7E+00 97% 3% 0%


25 km 3.8E-02 2.6E-01 35% 56% 9% 1.7E+00 97% 3% 0%


Small Coal-fired Utility Boiler 2 . 5 3.9E-02 2.6E-01 34% 54% 12% 1.7E+00 97% 3% 0%
km 


10 km 3.6E-02 2.5E-01 36% 58% 6% 1.7E+00 97% 3% 0%


25 km 3.5E-02 2.4E-01 38% 60% 2% 1.7E+00 97% 3% 0%


Medium OIl-fired Utility Boiler 2 . 5 3.4E-02 2.3E-01 38% 61% 1% 1.7E+00 97% 3% 0%
km 


10 km 3.4E-02 2.3E-01 38% 61% 1% 1.7E+00 97% 3% 0%


25 km 3.4E-02 2.3E-01 38% 61% 0% 1.7E+00 97% 3% 0%


Chlor-alkali plant 2 . 5 1.0E+0 7.1E+00 1% 2% 97% 3.7E+00 43% 1% 55%
km 


10 km 1.4E-01 9.4E-01 10% 15% 75% 2.0E+00 82% 2% 16%


25 km 5.7E-02 3.9E-01 23% 37% 40% 1.8E+00 92% 3% 6%
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3.  PREDICTED INDIVIDUAL EXPOSURE


Using the three models, RELMAP, ISC3, and IEM-2M as well as the hypothetical exposure
scenarios described in Chapter 2 of this Volume, estimates of exposure to individuals residing around
local emissions sources were developed. This exposure assessment incorperated many variables
including types of emissions sources, activity patterns of exposed individuals, climate and impact of
regional atmospheric mercury. Different combinations of these variables provide for a number of
potential outputs. This chapter initially presents a description of the results for one such combination;
this is presented to illustrate how the other combinations presented were developed. This section is
followed by a presentation of the results of the modeling.


3.1 Illustration of Exposure Results


The purpose of this section is to illustrate the results of the exposure modeling by discussing the
results for one facility, distance and site.  For the purpose of illustration, the large hospital HMI without a
wet scrubber is selected in the eastern site, and the RELMAP 50th percentile is used as as an example of
the contribution of regional anthropogenic mercury sources.  It is noted that a complete discussion is not
practical for all facilities; there are 144 possible combinations:  12 model plants, 2 sites, 3 distances, and
two possible RELMAP values (50th percentile or 90th percentile).  These results demonstrate the
impacts of the exposure assessment assumptions used for the hypothetical populations inhabiting the
watershed and water body.  It also provides a forum to discuss the more general features and implications
of the exposure assumptions. 


The hospital HMI model plant is assumed to emit a total of 24 kg of mercury a year.  Of these
mercury emissions, 73% is divalent mercury vapor, 25 is divalent mercury attached to particulates, and
2% is elemental mercury vapor.  At 2.5 km from the source, the total area-averaged air concentration is
predicted to be 1.7 ng/m , of which approximately 3% is predicted to be due to the facility and the rest to3


regional sources addressed with the RELMAP. The total mercury deposition rate on the watershed is
predicted to be 44 µg/m /yr, with about 70% (30 µg/m /yr) due to the facility; the total deposition rate is2 2


the sum of the predictions of RELMAP (50th percentile) and ISC3 at 2.5 km from the facility in the
prevailing downwind direction.  The predicted area-averaged deposition rate onto the waterbody, which
is located on the side closest to the facility, is 88 µg/m /yr.2


The air concentration and deposition rates predicted for the facility are combined with the 50th
percentile of the results for the RELMAP model and used as inputs for the IEM-2M model.  The initial
conditions assumed are the steady-state results after modeling two different periods of constant
deposition and air concentration.  The first period reflects pre-industrial conditions, in which case a
mercury air concentration of 0.5 ng/m  and deposition rate of 3 µg/m /yr are assumed.  The second period3 2


represents conditions that exist after the pre-industrial period but before the facility is in operation.  The
assumed air concentration was 1.6 ng/m  and the deposition rate was 10 µg/m /yr.  Table 3-1 shows some3 2


of the media concentrations predicted after these two simulations.
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Table 3-1
Predicted Mercury Concentrations after Pre-facility Simulations Performed for Eastern Site


(these results are used as initial conditions in IEM-2M model for this site)


%Hg0 %Hg2 %MHg


Watershed soil (ng/g) 47 0.02 98 2


Dissolved in water column 0.9 8 85 7
(ng/L)


3.1.1 Concentrations in Environmental Media and Biota


The predicted concentrations of the three mercury species considered are summarized for various
environmental media and biota in the Table 3-2.


Table 3-2
Modeled results for Large Hospital HMI


(Humid Site, 2.5 km ) Using ISC3 + RELMAP (East 50th percentile)


Total %RelMap %ISC
Waterbody Deposition Rate 8.8E+01 16% 84%
(µg/m2/yr)


Watershed Air Concentration 1.7E+00 97% 3%
(ng/m3)


Watershed Deposition Rate 4.4E+01 33% 67%
(µg/m2/yr)


%Relmap %Backgroun %ISC %Hg2 %MHg
d


Total Mercury Dissolved Surface 2.9
Water Concentration (ng/L)


Dissolved Methylmercury 0.19 6% 34% 60% 0% 100%
concentration in water body (ng/L)


Tier 3 Fish 3.1E-01 6% 34% 60% 0% 100%


Tier 4 Fish 1.3E+00 6% 34% 60% 0% 100%


Tilled Soil (ng/g) 5.0E+01 1% 93% 6% 98% 2%


Notill soil (ng/g) 1.1E+02 7% 44% 48% 98% 2%


Produce (µg/g dry weight)


Grain 2.1E-03 3% 93% 4% 92% 8%


Root Uptake 22%


Direct Deposition 0%


Air-to-plant 78%


Legumes 2.5E-03 3% 91% 6% 93% 7%


Root Uptake 31%


Direct Deposition 3%


Air-to-plant 66%


Potatoes 5.1E-03 1% 93% 6% 96% 4%


Root Uptake 100%


Direct Deposition 0%







Total %RelMap %ISC
Waterbody Deposition Rate 8.8E+01 16% 84%
(µg/m2/yr)


Watershed Air Concentration 1.7E+00 97% 3%
(ng/m3)


Watershed Deposition Rate 4.4E+01 33% 67%
(µg/m2/yr)


%Relmap %Backgroun %ISC %Hg2 %MHg
d
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Air-to-plant 0%







Table 3-2 (continued)
Modeled results for Large Hospital HMI


(Humid Site, 2.5 km) Using ISC3 + RELMAP (East 50th percentile)


Total %RelMap %ISC
Waterbody Deposition Rate 8.8E+01 16% 84%
(µg/m2/yr)


Watershed Air Concentration 1.7E+00 97% 3%
(ng/m3)


Watershed Deposition Rate 4.4E+01 33% 67%
(µg/m2/yr)


%Relmap %Backgroun %ISC %Hg2 %MHg
d
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Root Vegetables 1.9E-03 1% 93% 6% 95% 5%


Root Uptake 100%


Direct Deposition 0%


Air-to-plant 0%


Fruits 3.5E-02 4% 92% 4% 95% 5%


Root Uptake 3%


Direct Deposition 1%


Air-to-plant 96%


Fruiting Vegetables 3.5E-02 4% 92% 4% 95% 5%


Root Uptake 3%


Direct Deposition 1%


Air-to-plant 96%


Leafy Vegetables 3.4E-02 4% 91% 5% 79% 21%


Root Uptake 0%


Direct Deposition 2%


Air-to-plant 98%


Animal Products (µg/g dry weight)


Beef 8.6E-03 4% 86% 10% 81% 19%


from grain 0%


from Forage 71%


from Silage 20%


from Soil 9%


Beef Liver 2.2E-02 4% 86% 10% 81% 19%


from grain 0%


from Forage 71%


from Silage 20%


from Soil 9%


Dairy 1.1E-02 4% 87% 9% 81% 19%


from grain 1%


from Forage 70%


from Silage 21%


from Soil 8%


Pork 7.0E-06 4% 89% 7% 82% 18%


from grain 12%


from Silage 81%


from Soil 7%


Poultry 1.2E-04 7% 52% 41% 97% 3%


from grain 15%


from Soil 85%


Eggs 1.2E-04 7% 52% 41% 97% 3%


from grain 15%







Table 3-2 (continued)
Modeled results for Large Hospital HMI


(Humid Site, 2.5 km) Using ISC3 + RELMAP (East 50th percentile)


Total %RelMap %ISC
Waterbody Deposition Rate 8.8E+01 16% 84%
(µg/m2/yr)


Watershed Air Concentration 1.7E+00 97% 3%
(ng/m3)


Watershed Deposition Rate 4.4E+01 33% 67%
(µg/m2/yr)


%Relmap %Backgroun %ISC %Hg2 %MHg
d
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from Soil 85%


Lamb 3.9E-03 4% 84% 11% 81% 19%


from forage 88%


from Soil 12%


Other Produce (µg/g dry weight)


Forage 3.5E-02 4% 90% 6% 79% 21%


Root Uptake 0%


Direct Deposition 4%


Air-to-plant 96%


Silage 3.4E-02 4% 92% 4% 79% 21%


Root Uptake 0%


Direct Deposition 1%


Air-to-plant 99%


3.1.1.1  Methylmercury Concentrations in Fish


The methylmercury concentration in the fish is determined by multiplying the dissolved
methylmercury concentration in water by a BAF (derivation is described in Volume 3 Appendix D).  The
facility is predicted to account for more than half of the methylmercury in the fish for the waterbody
located 2.5 km from the source.  This is not via the deposition of methylmercury itself; rather, it is due to
the deposition of elemental and divalent mercury which is either predicted to be methylated after direct
deposition in the water body, or is methylated in the watershed soil and subsequently flows into the
waterbody via runoff or erosion.


The “background” is predicted to account for approximately one third of the methylmercury
concentration in fish.  This background represents the steady-state conditions that are predicted to exist
prior to both the facility and the sources represented in the RELMAP modeling, and are used as initial
conditions in the IEM-2M modeling to predict biota concentrations and human exposure.


In the four-tier trophic food chain model used in this Report, fish were assumed to feed at two
levels. Trophic level 3 fish were assumed to feed on plankton which are predicted to be contaminated
with comparatively low levels of methylmercury.  Trophic level 4 fish were assumed to feed on trophic
level 3 fish, which have higher methylmercury concentrations than the plankton.  The median BAF of
1.6e6 L/kg for trophic level 3 fish was estimated using several sets of data on measured mercury
concentrations in fish and water.  The media BAF for trophic level 4 of 6.8e6 L/kg) was estimated by
applying a predator-prey factor (of approximately 5) to the bioaccumulation factor estimated for trophic
level 3 fish.
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3.1.1.2  Concentrations in Other Biota


 Plant Concentrations


Three routes by which plants can take up mercury are addressed here:  root uptake, whereby the
plant is assumed to take up mercury from the soil; direct deposition, whereby the mercury deposited on
the plantshoot  from atmospheric deposition transfers to the plant; and air-to-plant transfer, whereby the
mercury in the air is transported through the stomata into the plant.  In all cases, at least 79% of the
mercury in the plant products is predicted to be of the divalent form, with the rest being methylmercury.  


The mercury in potatoes and root vegetables results solely from root uptake since no air uptake
was assumed to occur for these plants (Appendix B of Volume III).  For leafy vegetables, all the mercury
is predicted to be from air uptake since no root uptake was assumed to occur. For grains, legumes, fruits
and fruiting vegetables the bulk of mercury is also modeled to come from air uptake of elemental
mercury and transformation to other species; note, however, that the air and soil biotransfer factors were
calculated based on a conservative premise that air and soil uptake should be of comparable strength. 
This was done because the soil concentrations used for this demonstration are several times lower than
the soil concentrations from the Cappon (1981 and 1987) studies from which the soil BCFs were derived. 
For more details pertaining to the plant-soil BCF please see Appendix B of Volume III.


Generally, the facility is predicted to contribute less than 10% to the total mercury plant
concentration.  For the plant types for which air-uptake is assumed to be the primary source of mercury,
the facility contribution is similar to the contribution of the facility to the local air concentrations.  For
the plant types that uptake mercury primarily from the soil, it is due to the predicted dynamics of the
tilled soil in which the plants are assumed to be grown.


Hanson et al. (1994) stated that "dry foliar surfaces in terrestrial forest landscapes may not be a
net sink for atmospheric Hg , but rather as a dynamic exchange surface that can function as a source or0


sink dependent on current Hg vapor concentrations, leaf temperatures, surface condition (wet versus dry)
and level of atmospheric oxidants."  Similarly, Mosbaek et al. (1988) showed that most of the mercury in
leafy plants is attributable to air-leaf transfer, but that for a given period of time the amount of elemental
mercury released from the plant-soil system greatly exceeds the amount collected from the air by the
plants.  It is also likely that many plants accumulate airborne mercury to certain concentrations, after
which net deposition of elemental mercury does not occur. This is also a function of the large area of
uncertainty in deriving soil-to-plant and air-to-plant BCFs for mercury due to the wide variation in values
among different studies.  This is described in Appendix B of Volume III, Section B.1.2.2, B.1.2.2.1, and
B.1.2.2.2. 


In general, the plant uptake of mercury is predicted to be dominated by either root uptake or air-
to-plant transfer.  For facilities in which the deposition rate is significantly higher, direct deposition may
be a more important pathway.  Similarly, the root uptake pathway may be more important in areas with
higher soil concentrations. 


3.1.1.3 Mercury Concentrations in Animal Products


The concentrations in animal products were calculated by multiplying the total daily intake of a
particular species of mercury by a transfer factor that can depend on the animal species and tissue.  The
animals considered may be exposed to mercury via four possible pathways:  ingestion of contaminated
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grain, forage, silage, or soil.  The contribution from these pathways depends on both the predicted
concentration in the plant or soil and the ingestion rate for a particular pathway.


For beef and dairy products, most of the intake of mercury is from forage and silage because
these plants are assumed to make up over 80% of their total diet (see Appendix A).  The predicted
concentration for beef liver is slightly higher than that for beef due to a higher transfer factor for beef
liver.  For poultry products, most of the mercury exposure is predicted to occur through the ingestion of
soil (N.B. the untilled soil is assumed to be consumed).


3.1.2. Results for Hypothetical Exposure Scenarios


In this section the predicted biota concentrations are used in conjunction with the hypothetical
exposure scenarios to estimate exposure to the human receptors.


Based on the predicted concentrations in biota and using the hypothetical exposure scenarios
described in the previous sections, the predicted human intake rates for each scenario are shown in
Tables 3-3 through Table 3-8.


In general, exposure to mercury is dominated by indirect exposure for any scenario that includes
an ingestion pathway other than soil.  Furthermore, exposure tends to be dominated by either divalent or
methylmercury species rather than elemental mercury.  For the agricultural and urban scenarios, divalent
mercury is the dominant form.  For the scenarios that include fish ingestion, methylmercury dominates
predicted exposure.


3.1.2.1 Rural Scenarios


For the rural scenarios considered, exposure to divalent mercury accounted for over 90% of the
total mercury exposure.  The primary exposure pathway is from plant products which account for 50-
70% of the total mercury exposure.  Most of the exposure through plant products is predicted to occur
from consumption of fruits and grains.  The rural subsistence farmer receptors are predicted to have
about four times as much exposure to mercury as the rural home gardener.


Exposure to mercury from milk (dairy) dominates exposure from animal products for the high
end rural scenario considered (total of seven types of animal products are assumed to be consumed).
These individuals were assumed not to consume fish; as a consequence, predicted methylmercury
exposures are low. 


The local source is predicted to account for less than 10% of the total mercury exposure for the
rural scenarios.


3.1.2.2 Urban Scenarios


For the urban average scenario, the only exposure pathways considered are inhalation and
ingestion of soil.  For the urban high end scenario, the ingestion of home grown produce is considered as
well, although with lower contact fractions than for the rural home gardener scenario.  


For the urban average scenarios, exposure to mercury from the inhalation route was equal to or
exceeded indirect exposure.  The urban high-end scenario included a small garden to the urban average
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scenario, with the result that similar contributions to the total divalent mercury and methylmercury
exposures occurred as for the rural home gardeners. The urban high-end adult receptor had a predicted
mercury exposure of about one-half that of the rural home gardener.  The high end urban child scenario
consisted of a pica child assumed to ingest 7.5 grams of soil per day.  The exposure rate is then
proportional to the assumed untilled soil concentration, which in this case is 100 ng/g.


3.1.2.3 Fish Ingestion Scenarios


It was assumed  that the high-end fish consumer eats fish from the affected freshwater lake on a
daily basis; that is, seasonal consumption rate variation was not addressed.  This individual is the most
exposed adult to methylmercury in this assessment, and was predicted to be exposed to approximately
twice the level of methylmercury that the recreational angler is exposed. Fish consumption is predicted to
be the primary source of methylmercury in the diet. The high-end fisher was assumed to consume two
times as much fish as the recreational angler (60 g/day vs. 30 g/day). On a gram per bodyweight basis,
the high-end fish-consuming child was the maximally exposed subpopulation.  This is based on the
hypothetical child’s fish consumption rate and the bodyweight, and is consistent with the data presented
in the Chapter 4 of this Volume.


 For the fish ingestion scenarios, intake of mercury was mainly the methylmercury species. 
Although intake of methylmercury via plants and soil is considered in the high-end fish consumption
scenario, it accounts for less than 1% of the total methylmercury intake.  The recreational angler was
assumed to be exposed to mercury via fish, soil and water consumption.  Exposure via soil and water
however, accounted for less than 0.1% of the total mercury intake.  
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Table 3-3
Predicted Mercury Exposure for Subsistence Farmer Scenario


ISC: Large Hospital HMI(Humid Site, 2.5 km ) + RELMAP(East 50th percentile)


Subsistence Farmer


mg/kg/day Adult


Total %Relmap %Background %ISC %Hg2 %MHg


Inhalation 4.9E-07 4% 93% 3% 0% 0%


Ingestion Total 4.1E-05 0% 4% 90% 6% 90% 10%


Fish Ingestion 0.0E+00 0% NA NA NA NA NA


Water Ingestion 5.0E-07 1% 25% 56% 18% 97% 2%


Produce Ingestion 2.9E-05 71% 4% 92% 4% 94% 6%


Grains 4.0E-06 10% 3% 93% 4% 92% 8%


Legumes 9.5E-07 2% 3% 91% 6% 93% 7%


Potatoes 8.7E-07 2% 1% 93% 6% 96% 4%


Root vegetables 4.5E-08 0% 1% 93% 6% 95% 5%


Fruits 2.0E-05 49% 4% 92% 4% 95% 5%


Fruiting vegetables 2.2E-06 5% 4% 92% 4% 95% 5%


Leafy vegetables 9.6E-07 2% 4% 91% 5% 79% 21%


Animal Ingestion 1.1E-05 27% 4% 86% 9% 81% 19%


Beef 2.9E-06 7% 4% 86% 10% 81% 19%


Beef liver 1.4E-06 4% 4% 86% 10% 81% 19%


Dairy 6.5E-06 16% 4% 87% 9% 81% 19%


Pork 1.2E-09 0% 4% 89% 7% 82% 18%


Poultry 1.4E-08 0% 7% 52% 41% 97% 3%


Eggs 9.0E-09 0% 7% 52% 41% 97% 3%


Lamb 2.2E-07 1% 4% 84% 11% 81% 19%


Soil Ingestion 1.5E-07 0% 7% 44% 48% 98% 2%


ISC: Large Hospital HMI(Humid Site, 2.5 km ) + RELMAP(East 50th percentile)


Subsistence Farmer


mg/kg/day Child


Total %Relmap %Background %ISC %Hg2 %MHg


Inhalation 1.6E-06 4% 93% 3% 0% 0%


Total Ingestion 5.3E-05 0% 4% 87% 8% 87% 13%


Fish Ingestion 0.0E+00 0% NA NA NA NA NA


Water Ingestion 1.0E-06 2% 25% 56% 18% 97% 2%


Produce Ingestion 2.3E-05 44% 3% 92% 4% 94% 6%


Grains 8.1E-06 15% 3% 93% 4% 92% 8%


Legumes 1.7E-06 3% 3% 91% 6% 93% 7%


Potatoes 1.4E-06 3% 1% 93% 6% 96% 4%


Root vegetables 6.7E-08 0% 1% 93% 6% 95% 5%


Fruits 7.8E-06 15% 4% 92% 4% 95% 5%


Fruiting vegetables 4.2E-06 8% 4% 92% 4% 95% 5%


Leafy vegetables 2.7E-07 1% 4% 91% 5% 79% 21%


Animal Ingestion 2.8E-05 52% 4% 86% 9% 81% 19%


Beef 4.8E-06 9% 4% 86% 10% 81% 19%


Beef liver 5.4E-07 1% 4% 86% 10% 81% 19%


Dairy 2.2E-05 41% 4% 87% 9% 81% 19%


Pork 1.7E-09 0% 4% 89% 7% 82% 18%


Poultry 2.6E-08 0% 7% 52% 41% 97% 3%


Eggs 1.1E-08 0% 7% 52% 41% 97% 3%


Lamb 2.4E-07 0% 4% 84% 11% 81% 19%


Soil Ingestion 1.2E-06 2% 7% 44% 48% 98% 2%
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Table 3-4
Predicted Mercury Exposure for Rural Home Gardener


ISC: Large Hospital HMI(Humid Site, 2.5 km ) + RELMAP(East 50th percentile)


Rural Home Gardener


mg/kg/day Adult


Total %Relmap %Background %ISC %Hg2 %MHg


Inhalation 4.9E-07 4% 93% 3% 0% 0%


Ingestion Total 9.9E-06 0% 4% 91% 5% 94% 6%


Fish Ingestion 0.0E+00 0% NA NA NA NA NA


Water Ingestion 0.0E+00 0% NA NA NA NA NA


Produce Ingestion 9.7E-06 98% 4% 92% 4% 94% 6%


Grains 2.7E-06 27% 3% 93% 4% 92% 8%


Legumes 7.6E-07 8% 3% 91% 6% 93% 7%


Potatoes 2.0E-07 2% 1% 93% 6% 96% 4%


Root vegetables 1.2E-08 0% 1% 93% 6% 95% 5%


Fruits 4.6E-06 47% 4% 92% 4% 95% 5%


Fruiting vegetables 1.4E-06 14% 4% 92% 4% 95% 5%


Leafy vegetables 5.5E-08 1% 4% 91% 5% 79% 21%


Animal Ingestion 0.0E+00 0% NA NA NA NA NA


Beef 0.0E+00 0% NA NA NA NA NA


Beef liver 0.0E+00 0% NA NA NA NA NA


Dairy 0.0E+00 0% NA NA NA NA NA


Pork 0.0E+00 0% NA NA NA NA NA


Poultry 0.0E+00 0% NA NA NA NA NA


Eggs 0.0E+00 0% NA NA NA NA NA


Lamb 0.0E+00 0% NA NA NA NA NA


Soil Ingestion 1.5E-07 2% 7% 44% 48% 98% 2%


ISC: Large Hospital HMI(Humid Site, 2.5 km ) + RELMAP(East 50th percentile)


Rural Home Gardener


mg/kg/day Child


Total %Relmap %Background %ISC %Hg2 %MHg


Inhalation 1.6E-06 4% 93% 3% 0% 0%


Total Ingestion 1.3E-05 0% 4% 88% 9% 94% 6%


Fish Ingestion 0.0E+00 0% NA NA NA NA NA


Water Ingestion 0.0E+00 0% NA NA NA NA NA


Produce Ingestion 1.1E-05 90% 3% 92% 4% 94% 6%


Grains 5.4E-06 42% 3% 93% 4% 92% 8%


Legumes 1.3E-06 10% 3% 91% 6% 93% 7%


Potatoes 3.2E-07 2% 1% 93% 6% 96% 4%


Root vegetables 1.8E-08 0% 1% 93% 6% 95% 5%


Fruits 1.8E-06 14% 4% 92% 4% 95% 5%


Fruiting vegetables 2.6E-06 20% 4% 92% 4% 95% 5%


Leafy vegetables 1.6E-08 0% 4% 91% 5% 79% 21%


Animal Ingestion 0.0E+00 0% NA NA NA NA NA


Beef 0.0E+00 0% NA NA NA NA NA


Beef liver 0.0E+00 0% NA NA NA NA NA


Dairy 0.0E+00 0% NA NA NA NA NA


Pork 0.0E+00 0% NA NA NA NA NA


Poultry 0.0E+00 0% NA NA NA NA NA


Eggs 0.0E+00 0% NA NA NA NA NA


Lamb 0.0E+00 0% NA NA NA NA NA


Soil Ingestion 1.2E-06 10% 7% 44% 48% 98% 2%
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Table 3-5
Predicted Mercury Exposure for Urban Average Scenario


ISC: Large Hospital HMI(Humid Site, 2.5 km ) + RELMAP(East 50th percentile)


Urban Average


mg/kg/day Adult


Total %Relmap %Background %ISC %Hg2 %MHg


Inhalation 3.3E-07 4% 93% 3% 0% 0%


Ingestion Total 2.0E-07 100% 6% 54% 40% 98% 2%


Soil Ingestion 2.0E-07 100% 6% 54% 40% 98% 2%


ISC: Large Hospital HMI(Humid Site, 2.5 km ) + RELMAP(East 50th percentile)


Urban Average


mg/kg/day Child


Total %Relmap %Background %ISC %Hg2 %MHg


Inhalation 1.6E-06 4% 93% 3% 0% 0%


Total Ingestion 1.6E-06 100% 6% 54% 40% 98% 2%


Soil Ingestion 1.6E-06 100% 6% 54% 40% 98% 2%


Table 3-6
Predicted Mercury Exposure for Urban High-end Scenarios


ISC: Large Hospital HMI(Humid Site, 2.5 km ) + RELMAP(East 50th percentile)


Urban High End


mg/kg/day Adult


Total %Relmap %Background %ISC %Hg2 %MHg


Inhalation 4.9E-07 4% 93% 3% 0% 0%


Ingestion Total 4.0E-06 100% 4% 91% 6% 94% 6%


Fish Ingestion 0.0E+00 0% NA NA NA NA NA


Water Ingestion 0.0E+00 0% NA NA NA NA NA


Produce Ingestion 3.8E-06 95% 3% 93% 4% 94% 6%


Grains 8.8E-07 22% 3% 94% 3% 93% 7%


Legumes 5.6E-07 14% 3% 92% 5% 93% 7%


Potatoes 4.2E-08 1% 1% 95% 4% 96% 4%


Root vegetables 5.1E-09 0% 1% 95% 4% 95% 5%


Fruits 1.5E-06 39% 4% 92% 4% 95% 5%


Fruiting vegetables 7.2E-07 18% 4% 92% 4% 95% 5%


Leafy vegetables 2.5E-08 1% 4% 91% 5% 79% 21%


Soil Ingestion 2.0E-07 5% 6% 54% 40% 98% 2%


ISC: Large Hospital HMI(Humid Site, 2.5 km ) + RELMAP(East 50th percentile)


Urban High End


mg/kg/day Child


Total %Relmap %Background %ISC %Hg2 %MHg


Inhalation 1.6E-06 4% 93% 3% 0% 0%


Total Ingestion 6.1E-05 100% 6% 54% 40% 98% 2%


Soil Ingestion 6.1E-05 100% 6% 54% 40% 98% 2%
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Table 3-7
Predicted Mercury Exposure for High-end Fish Consumption Scenario


ISC: Large Hospital HMI(Humid Site, 2.5 km ) + RELMAP(East 50th percentile)


Subsistence Fisher


mg/kg/day Adult


Total %Relmap %Background %ISC %Hg2 %MHg


Inhalation 4.9E-07 4% 93% 3% 0% 0%


Ingestion Total 1.1E-03 0% 6% 34% 59% 1% 99%


Fish Ingestion 1.1E-03 99% 6% 34% 60% 0% 100%


Water Ingestion 1.0E-07 0% 6% 32% 62% 87% 7%


Produce Ingestion 9.7E-06 1% 4% 92% 4% 94% 6%


Grains 2.7E-06 0% 3% 93% 4% 92% 8%


Legumes 7.6E-07 0% 3% 91% 6% 93% 7%


Potatoes 2.0E-07 0% 1% 93% 6% 96% 4%


Root vegetables 1.2E-08 0% 1% 93% 6% 95% 5%


Fruits 4.6E-06 0% 4% 92% 4% 95% 5%


Fruiting vegetables 1.4E-06 0% 4% 92% 4% 95% 5%


Leafy vegetables 5.5E-08 0% 4% 91% 5% 79% 21%


Animal Ingestion 0.0E+00 0% NA NA NA NA NA


Beef 0.0E+00 0% NA NA NA NA NA


Beef liver 0.0E+00 0% NA NA NA NA NA


Dairy 0.0E+00 0% NA NA NA NA NA


Pork 0.0E+00 0% NA NA NA NA NA


Poultry 0.0E+00 0% NA NA NA NA NA


Eggs 0.0E+00 0% NA NA NA NA NA


Lamb 0.0E+00 0% NA NA NA NA NA


Soil Ingestion 1.5E-07 0% 7% 44% 48% 98% 2%


ISC: Large Hospital HMI(Humid Site, 2.5 km ) + RELMAP(East 50th percentile)


High end Fish Consumer


mg/kg/day Child


Total %Relmap %Background %ISC %Hg2 %MHg


Inhalation 1.6E-06 4% 93% 3% 0% 0%


Total Ingestion 1.6E-03 0% 6% 34% 59% 1% 99%


Fish Ingestion 1.5E-03 99% 6% 34% 60% 0% 100%


Water Ingestion 2.2E-07 0% 6% 32% 62% 87% 7%


Produce Ingestion 1.1E-05 1% 3% 92% 4% 94% 6%


Grains 5.4E-06 0% 3% 93% 4% 92% 8%


Legumes 1.3E-06 0% 3% 91% 6% 93% 7%


Potatoes 3.2E-07 0% 1% 93% 6% 96% 4%


Root vegetables 1.8E-08 0% 1% 93% 6% 95% 5%


Fruits 1.8E-06 0% 4% 92% 4% 95% 5%


Fruiting vegetables 2.6E-06 0% 4% 92% 4% 95% 5%


Leafy vegetables 1.6E-08 0% 4% 91% 5% 79% 21%


Soil Ingestion 1.2E-06 0% 7% 44% 48% 98% 2%
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Table 3-8
Predicted Mercury Exposure for Recreational Angler Scenario


ISC: Large Hospital HMI(Humid Site, 2.5 km ) + RELMAP(East 50th percentile)


Recreational Angler


mg/kg/day Adult


Total %Relmap %Background %ISC %Hg2 %MHg


Inhalation 4.9E-07 4% 93% 3% 0% 0%


Ingestion Total 5.6E-04 0% 6% 34% 60% 0% 100%


Fish Ingestion 5.6E-04 100% 6% 34% 60% 0% 100%


Water Ingestion 1.0E-07 0% 6% 32% 62% 87% 7%


Soil Ingestion 1.5E-07 0% 7% 45% 48% 98% 2%


3.2 Results of Combining Local and Regional Models - Predicted Human Exposure


In this section the results are presented for combining the local and regional impacts of
anthropogenic sources.  For both the eastern and western sites, the 50th and 90th percentile of the
predicted air concentrations and deposition rates by the regional air model are used in conjunction with
the air concentrations and deposition rates predicted by the local scale model for each plant to obtain
estimates of environmental concentrations and possible exposure for humans. Background mercury
concentrations in environmental media are also included.


Tables 3-9 through 3-22 show the predicted human intake for each exposure scenario and site. 
The results include receptors located at three distances from the facility (2.5km, 10km, and 25km).  In all
cases, the predicted impact of the local source decreases as the distance from the local source increases.


3.2.1 Inhalation


Only for the chlor-alkali plant is the local source predicted to account for more than 50% of total
mercury exposure due to inhalation, and then only for the closest receptor considered (2.5km).  The
primary form of mercury that constitutes this exposure is elemental mercury.  Further, the inhalation
route is rarely predicted to be the dominant pathway of total mercury exposure when compared to
indirect exposure.  The exception is the “urban average” exposure, in which an adult is assumed to ingest
average amounts of soil in the impacted area.  The insignificance of exposure through the inhalation
route when compared to ingestion routes was described previously by the WHO (WHO, 1990).  


3.2.2 Agricultural Scenarios


In general, the local source is predicted to account for less than 10% of the total mercury
exposure for the agricultural scenarios, compared to the contribution of the regional sources (RELMAP)
and background.  This is because for these scenarios ingestion of plants is the dominant pathway for
mercury exposure, and the plant concentrations are predicted to accumulate mercury from the air more
than via soil uptake.  The contribution of the local source is then roughly equivalent to the impact of the
local source on the air concentration.  It is only for the chlor-alkali plant that this contribution is more
than 20% (at 2.5km and 10km).  The mercury in potatoes and root vegetables results solely from root
uptake since no air uptake was assumed to occur for these plants (Appendix A).  For leafy vegetables, all
the mercury is predicted to be from air uptake since no root uptake was assumed to occur. For grains,
legumes, fruits and 
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Table 3-9
Eastern Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Subsistence Farmer


Eastern Site


RELMAP 50th percentile


Predicted Ingestion (mg/kg/day) for Subsistence Farmer


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 5.4E-05 9% 4.1E-05 6% 5.1E-05 4% 4.0E-05 4% 5.0E-05 2% 3.9E-05 2%
Municipal Waste
Combustor


Variant b:Small 5.0E-05 2% 3.9E-05 1% 4.9E-05 1% 3.9E-05 1% 4.9E-05 0% 3.8E-05 0%
Municipal Waste
Combustor


Large Commercial HMI 5.0E-05 2% 3.9E-05 1% 4.9E-05 0% 3.8E-05 0% 4.9E-05 0% 3.8E-05 0%


Large Hospital HMI 5.3E-05 8% 4.1E-05 6% 5.0E-05 2% 3.9E-05 1% 4.9E-05 1% 3.8E-05 0%


Small Hospital HMI 4.9E-05 1% 3.8E-05 0% 4.9E-05 0% 3.8E-05 0% 4.9E-05 0% 3.8E-05 0%


Large Hospital HMI 4.9E-05 0% 3.8E-05 0% 4.9E-05 0% 3.8E-05 0% 4.9E-05 0% 3.8E-05 0%
(wet scrubber)


Small Hospital HMI 4.9E-05 0% 3.8E-05 0% 4.9E-05 0% 3.8E-05 0% 4.9E-05 0% 3.8E-05 0%
(wet scrubber)


Large Coal-fired Utility 5.1E-05 4% 3.9E-05 3% 5.0E-05 1% 3.9E-05 1% 4.9E-05 0% 3.8E-05 0%
Boiler


Medium Coal-fired 5.0E-05 2% 3.9E-05 1% 4.9E-05 1% 3.8E-05 0% 4.9E-05 0% 3.8E-05 0%
Utility Boiler


Small Coal-fired Utility 4.9E-05 1% 3.8E-05 0% 4.9E-05 0% 3.8E-05 0% 4.9E-05 0% 3.8E-05 0%
Boiler


Medium OIl-fired 4.9E-05 0% 3.8E-05 0% 4.9E-05 0% 3.8E-05 0% 4.9E-05 0% 3.8E-05 0%
Utility Boiler


Chlor-alkali plant 1.3E-04 62% 9.6E-05 60% 6.3E-05 23% 4.9E-05 22% 5.3E-05 8% 4.2E-05 8%
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Table 3-9 (continued)
Eastern Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Subsistence Farmer


Eastern Site


RELMAP 90th percentile


Predicted Ingestion (mg/kg/day) for Subsistence Farmer


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 5.7E-05 8% 4.3E-05 6% 5.4E-05 4% 4.2E-05 3% 5.3E-05 2% 4.1E-05 2%
Municipal Waste
Combustor


Variant b:Small 5.3E-05 2% 4.1E-05 1% 5.3E-05 1% 4.0E-05 1% 5.2E-05 0% 4.0E-05 0%
Municipal Waste
Combustor


Large Commercial HMI 5.3E-05 2% 4.1E-05 1% 5.2E-05 0% 4.0E-05 0% 5.2E-05 0% 4.0E-05 0%


Large Hospital HMI 5.7E-05 8% 4.3E-05 6% 5.3E-05 2% 4.1E-05 1% 5.2E-05 0% 4.0E-05 0%


Small Hospital HMI 5.3E-05 1% 4.0E-05 0% 5.2E-05 0% 4.0E-05 0% 5.2E-05 0% 4.0E-05 0%


Large Hospital HMI 5.2E-05 0% 4.0E-05 0% 5.2E-05 0% 4.0E-05 0% 5.2E-05 0% 4.0E-05 0%
(wet scrubber)


Small Hospital HMI 5.2E-05 0% 4.0E-05 0% 5.2E-05 0% 4.0E-05 0% 5.2E-05 0% 4.0E-05 0%
(wet scrubber)


Large Coal-fired Utility 5.4E-05 4% 4.1E-05 2% 5.3E-05 1% 4.0E-05 1% 5.2E-05 0% 4.0E-05 0%
Boiler


Medium Coal-fired 5.3E-05 2% 4.1E-05 1% 5.2E-05 1% 4.0E-05 0% 5.2E-05 0% 4.0E-05 0%
Utility Boiler


Small Coal-fired Utility 5.2E-05 1% 4.0E-05 0% 5.2E-05 0% 4.0E-05 0% 5.2E-05 0% 4.0E-05 0%
Boiler


Medium OIl-fired 5.2E-05 0% 4.0E-05 0% 5.2E-05 0% 4.0E-05 0% 5.2E-05 0% 4.0E-05 0%
Utility Boiler


Chlor-alkali plant 1.3E-04 61% 9.8E-05 59% 6.7E-05 22% 5.1E-05 21% 5.7E-05 8% 4.3E-05 8%
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Table 3-10
Eastern Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Rural Home Gardner


Eastern Site


RELMAP 50th percentile


Predicted Ingestion (mg/kg/day) for Rural Home Gardener


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 1.3E-05 8% 9.9E-06 5% 1.2E-05 4% 9.7E-06 3% 1.2E-05 2% 9.5E-06 1%
Municipal Waste
Combustor


Variant b:Small 1.2E-05 2% 9.5E-06 1% 1.2E-05 1% 9.4E-06 1% 1.2E-05 0% 9.4E-06 0%
Municipal Waste
Combustor


Large Commercial HMI 1.2E-05 2% 9.5E-06 1% 1.2E-05 0% 9.4E-06 0% 1.2E-05 0% 9.4E-06 0%


Large Hospital HMI 1.3E-05 9% 9.9E-06 5% 1.2E-05 2% 9.5E-06 1% 1.2E-05 1% 9.4E-06 0%


Small Hospital HMI 1.2E-05 1% 9.4E-06 0% 1.2E-05 0% 9.4E-06 0% 1.2E-05 0% 9.4E-06 0%


Large Hospital HMI 1.2E-05 0% 9.4E-06 0% 1.2E-05 0% 9.4E-06 0% 1.2E-05 0% 9.4E-06 0%
(wet scrubber)


Small Hospital HMI 1.2E-05 0% 9.4E-06 0% 1.2E-05 0% 9.4E-06 0% 1.2E-05 0% 9.4E-06 0%
(wet scrubber)


Large Coal-fired Utility 1.2E-05 3% 9.5E-06 1% 1.2E-05 1% 9.4E-06 0% 1.2E-05 0% 9.4E-06 0%
Boiler


Medium Coal-fired 1.2E-05 2% 9.5E-06 1% 1.2E-05 1% 9.4E-06 0% 1.2E-05 0% 9.4E-06 0%
Utility Boiler


Small Coal-fired Utility 1.2E-05 1% 9.4E-06 0% 1.2E-05 0% 9.4E-06 0% 1.2E-05 0% 9.4E-06 0%
Boiler


Medium OIl-fired 1.2E-05 0% 9.4E-06 0% 1.2E-05 0% 9.4E-06 0% 1.2E-05 0% 9.4E-06 0%
Utility Boiler


Chlor-alkali plant 3.0E-05 62% 2.2E-05 58% 1.5E-05 22% 1.2E-05 20% 1.3E-05 8% 1.0E-05 7%
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Table 3-10 (continued)
Eastern Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Rural Home Gardner


Eastern Site


RELMAP 90th percentile


Predicted Ingestion (mg/kg/day) for Rural Home Gardener


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 1.3E-05 8% 1.0E-05 5% 1.3E-05 4% 1.0E-05 3% 1.2E-05 2% 9.9E-06 1%
Municipal Waste
Combustor


Variant b:Small 1.2E-05 2% 9.8E-06 1% 1.2E-05 1% 9.8E-06 1% 1.2E-05 0% 9.8E-06 0%
Municipal Waste
Combustor


Large Commercial HMI 1.2E-05 2% 9.8E-06 1% 1.2E-05 0% 9.8E-06 0% 1.2E-05 0% 9.7E-06 0%


Large Hospital HMI 1.3E-05 8% 1.0E-05 5% 1.2E-05 2% 9.8E-06 1% 1.2E-05 1% 9.8E-06 0%


Small Hospital HMI 1.2E-05 1% 9.8E-06 0% 1.2E-05 0% 9.7E-06 0% 1.2E-05 0% 9.7E-06 0%


Large Hospital HMI 1.2E-05 0% 9.8E-06 0% 1.2E-05 0% 9.7E-06 0% 1.2E-05 0% 9.7E-06 0%
(wet scrubber)


Small Hospital HMI 1.2E-05 0% 9.7E-06 0% 1.2E-05 0% 9.7E-06 0% 1.2E-05 0% 9.7E-06 0%
(wet scrubber)


Large Coal-fired Utility 1.3E-05 3% 9.8E-06 1% 1.2E-05 1% 9.8E-06 0% 1.2E-05 0% 9.7E-06 0%
Boiler


Medium Coal-fired 1.2E-05 2% 9.8E-06 1% 1.2E-05 1% 9.8E-06 0% 1.2E-05 0% 9.7E-06 0%
Utility Boiler


Small Coal-fired Utility 1.2E-05 0% 9.8E-06 0% 1.2E-05 0% 9.7E-06 0% 1.2E-05 0% 9.7E-06 0%
Boiler


Medium OIl-fired 1.2E-05 0% 9.7E-06 0% 1.2E-05 0% 9.7E-06 0% 1.2E-05 0% 9.7E-06 0%
Utility Boiler


Chlor-alkali plant 3.1E-05 60% 2.3E-05 57% 1.6E-05 21% 1.2E-05 20% 1.3E-05 7% 1.0E-05 7%
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Table 3-11
Eastern Site — RELMAP 50th and 90th Percentiles
Predicted Ingestion (mg/kg/day) for Urban Average


Eastern Site


RELMAP 50th percentile


Predicted Ingestion (mg/kg/day) for Urban Average


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 1.6E-06 38% 1.9E-07 38% 1.2E-06 20% 1.5E-07 20% 1.1E-06 8% 1.3E-07 8%
Municipal Waste
Combustor


Variant b:Small 1.1E-06 10% 1.3E-07 10% 1.0E-06 3% 1.2E-07 3% 1.0E-06 1% 1.2E-07 1%
Municipal Waste
Combustor


Large Commercial 1.1E-06 9% 1.3E-07 9% 1.0E-06 2% 1.2E-07 2% 1.0E-06 0% 1.2E-07 0%
HMI


Large Hospital HMI 1.6E-06 40% 2.0E-07 40% 1.1E-06 10% 1.3E-07 10% 1.0E-06 3% 1.2E-07 3%


Small Hospital HMI 1.0E-06 4% 1.3E-07 4% 1.0E-06 1% 1.2E-07 1% 9.9E-07 0% 1.2E-07 0%


Large Hospital HMI 1.0E-06 2% 1.2E-07 2% 1.0E-06 0% 1.2E-07 0% 9.9E-07 0% 1.2E-07 0%
(wet scrubber)


Small Hospital HMI 9.9E-07 0% 1.2E-07 0% 9.9E-07 0% 1.2E-07 0% 9.9E-07 0% 1.2E-07 0%
(wet scrubber)


Large Coal-fired 1.3E-06 26% 1.6E-07 26% 1.1E-06 6% 1.3E-07 6% 1.0E-06 2% 1.2E-07 2%
Utility Boiler


Medium Coal-fired 1.1E-06 13% 1.4E-07 13% 1.0E-06 4% 1.3E-07 4% 1.0E-06 2% 1.2E-07 2%
Utility Boiler


Small Coal-fired 1.0E-06 3% 1.2E-07 3% 1.0E-06 1% 1.2E-07 1% 1.0E-06 0% 1.2E-07 0%
Utility Boiler


Medium OIl-fired 1.0E-06 0% 1.2E-07 0% 9.9E-07 0% 1.2E-07 0% 9.9E-07 0% 1.2E-07 0%
Utility Boiler


Chlor-alkali plant 6.1E-06 84% 7.4E-07 84% 1.7E-06 41% 2.0E-07 41% 1.2E-06 15% 1.4E-07 15%
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Table 3-11 (continued)
Eastern Site — RELMAP 50th and 90th Percentiles
Predicted Ingestion (mg/kg/day) for Urban Average


Eastern Site


RELMAP 90th percentile


Predicted Ingestion (mg/kg/day) for Urban Average


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 1.9E-06 32% 2.3E-07 32% 1.5E-06 16% 1.8E-07 16% 1.4E-06 7% 1.7E-07 7%
Municipal Waste
Combustor


Variant b:Small 1.4E-06 8% 1.7E-07 8% 1.3E-06 3% 1.6E-07 3% 1.3E-06 1% 1.6E-07 1%
Municipal Waste
Combustor


Large Commercial 1.4E-06 7% 1.7E-07 7% 1.3E-06 1% 1.6E-07 1% 1.3E-06 0% 1.5E-07 0%
HMI


Large Hospital HMI 1.9E-06 34% 2.3E-07 34% 1.4E-06 8% 1.7E-07 8% 1.3E-06 2% 1.6E-07 2%


Small Hospital HMI 1.3E-06 3% 1.6E-07 3% 1.3E-06 0% 1.6E-07 0% 1.3E-06 0% 1.5E-07 0%


Large Hospital HMI 1.3E-06 1% 1.6E-07 1% 1.3E-06 0% 1.5E-07 0% 1.3E-06 0% 1.5E-07 0%
(wet scrubber)


Small Hospital HMI 1.3E-06 0% 1.5E-07 0% 1.3E-06 0% 1.5E-07 0% 1.3E-06 0% 1.5E-07 0%
(wet scrubber)


Large Coal-fired 1.6E-06 21% 2.0E-07 21% 1.3E-06 5% 1.6E-07 5% 1.3E-06 2% 1.6E-07 2%
Utility Boiler


Medium Coal-fired 1.4E-06 10% 1.7E-07 10% 1.3E-06 3% 1.6E-07 3% 1.3E-06 1% 1.6E-07 1%
Utility Boiler


Small Coal-fired 1.3E-06 3% 1.6E-07 3% 1.3E-06 1% 1.6E-07 1% 1.3E-06 0% 1.5E-07 0%
Utility Boiler


Medium OIl-fired 1.3E-06 0% 1.5E-07 0% 1.3E-06 0% 1.5E-07 0% 1.3E-06 0% 1.5E-07 0%
Utility Boiler


Chlor-alkali plant 6.4E-06 80% 7.7E-07 80% 2.0E-06 35% 2.4E-07 35% 1.4E-06 12% 1.8E-07 12%
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Table 3-12
Eastern Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Urban High End


Eastern Site


RELMAP 50th percentile


Predicted Ingestion (mg/kg/day) for Urban High End


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 5.9E-05 38% 3.9E-06 6% 4.6E-05 20% 3.9E-06 3% 4.0E-05 8% 3.8E-06 2%
Municipal Waste
Combustor


Variant b:Small 4.1E-05 10% 3.8E-06 1% 3.8E-05 3% 3.7E-06 1% 3.7E-05 1% 3.7E-06 0%
Municipal Waste
Combustor


Large Commercial 4.0E-05 9% 3.8E-06 1% 3.7E-05 2% 3.7E-06 0% 3.7E-05 0% 3.7E-06 0%
HMI


Large Hospital HMI 6.1E-05 40% 4.0E-06 6% 4.1E-05 10% 3.8E-06 1% 3.8E-05 3% 3.7E-06 0%


Small Hospital HMI 3.8E-05 4% 3.7E-06 0% 3.7E-05 1% 3.7E-06 0% 3.7E-05 0% 3.7E-06 0%


Large Hospital HMI 3.7E-05 2% 3.7E-06 0% 3.7E-05 0% 3.7E-06 0% 3.7E-05 0% 3.7E-06 0%
(wet scrubber)


Small Hospital HMI 3.7E-05 0% 3.7E-06 0% 3.7E-05 0% 3.7E-06 0% 3.7E-05 0% 3.7E-06 0%
(wet scrubber)


Large Coal-fired 4.9E-05 26% 3.8E-06 2% 3.9E-05 6% 3.7E-06 0% 3.8E-05 2% 3.7E-06 0%
Utility Boiler


Medium Coal-fired 4.2E-05 13% 3.8E-06 1% 3.8E-05 4% 3.7E-06 0% 3.7E-05 2% 3.7E-06 0%
Utility Boiler


Small Coal-fired 3.8E-05 3% 3.7E-06 0% 3.7E-05 1% 3.7E-06 0% 3.7E-05 0% 3.7E-06 0%
Utility Boiler


Medium OIl-fired 3.7E-05 0% 3.7E-06 0% 3.7E-05 0% 3.7E-06 0% 3.7E-05 0% 3.7E-06 0%
Utility Boiler


Chlor-alkali plant 2.3E-04 84% 8.9E-06 58% 6.2E-05 41% 4.7E-06 20% 4.3E-05 15% 4.0E-06 7%
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Table 3-12 (continued)
Eastern Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Urban High End


Eastern Site


RELMAP 90th percentile


Predicted Ingestion (mg/kg/day) for Urban High End


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 7.0E-05 33% 4.1E-06 5% 5.6E-05 16% 4.0E-06 3% 5.0E-05 7% 3.9E-06 2%
Municipal Waste
Combustor


Variant b:Small 5.1E-05 8% 3.9E-06 1% 4.8E-05 3% 3.9E-06 1% 4.7E-05 1% 3.9E-06 0%
Municipal Waste
Combustor


Large Commercial 5.1E-05 7% 3.9E-06 1% 4.8E-05 1% 3.9E-06 0% 4.7E-05 0% 3.9E-06 0%
HMI


Large Hospital HMI 7.1E-05 34% 4.1E-06 6% 5.1E-05 8% 3.9E-06 1% 4.8E-05 2% 3.9E-06 0%


Small Hospital HMI 4.9E-05 3% 3.9E-06 0% 4.7E-05 0% 3.9E-06 0% 4.7E-05 0% 3.9E-06 0%


Large Hospital HMI 4.8E-05 1% 3.9E-06 0% 4.7E-05 0% 3.9E-06 0% 4.7E-05 0% 3.9E-06 0%
(wet scrubber)


Small Hospital HMI 4.7E-05 0% 3.9E-06 0% 4.7E-05 0% 3.9E-06 0% 4.7E-05 0% 3.9E-06 0%
(wet scrubber)


Large Coal-fired 6.0E-05 21% 3.9E-06 2% 4.9E-05 5% 3.9E-06 0% 4.8E-05 2% 3.9E-06 0%
Utility Boiler


Medium Coal-fired 5.3E-05 11% 3.9E-06 1% 4.9E-05 3% 3.9E-06 0% 4.8E-05 1% 3.9E-06 0%
Utility Boiler


Small Coal-fired 4.8E-05 3% 3.9E-06 0% 4.8E-05 1% 3.9E-06 0% 4.7E-05 0% 3.9E-06 0%
Utility Boiler


Medium OIl-fired 4.7E-05 0% 3.9E-06 0% 4.7E-05 0% 3.9E-06 0% 4.7E-05 0% 3.9E-06 0%
Utility Boiler


Chlor-alkali plant 2.4E-04 80% 9.1E-06 57% 7.3E-05 35% 4.8E-06 20% 5.4E-05 12% 4.2E-06 7%
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Table 3-13
Eastern Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Subsistence Fisher


Eastern Site


RELMAP 50th percentile


Predicted Ingestion (mg/kg/day) for Subsistence Fisher


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 1.4E-03 54% 1.0E-03 54% 9.0E-04 30% 6.6E-04 30% 7.2E-04 13% 5.3E-04 13%
Municipal Waste
Combustor


Variant b:Small 7.7E-04 18% 5.6E-04 18% 6.7E-04 6% 4.9E-04 6% 6.4E-04 2% 4.7E-04 2%
Municipal Waste
Combustor


Large Commercial 7.8E-04 19% 5.7E-04 19% 6.5E-04 3% 4.7E-04 3% 6.3E-04 1% 4.6E-04 1%
HMI


Large Hospital HMI 1.6E-03 59% 1.1E-03 59% 7.6E-04 17% 5.6E-04 17% 6.6E-04 4% 4.8E-04 4%


Small Hospital HMI 6.9E-04 9% 5.1E-04 9% 6.4E-04 1% 4.7E-04 1% 6.3E-04 0% 4.6E-04 0%


Large Hospital HMI 6.6E-04 4% 4.8E-04 4% 6.3E-04 1% 4.6E-04 1% 6.3E-04 0% 4.6E-04 0%
(wet scrubber)


Small Hospital HMI 6.3E-04 0% 4.6E-04 0% 6.3E-04 0% 4.6E-04 0% 6.3E-04 0% 4.6E-04 0%
(wet scrubber)


Large Coal-fired 1.1E-03 42% 7.9E-04 42% 7.0E-04 10% 5.1E-04 10% 6.5E-04 4% 4.8E-04 4%
Utility Boiler


Medium Coal-fired 8.2E-04 23% 6.0E-04 23% 6.7E-04 7% 4.9E-04 7% 6.5E-04 3% 4.7E-04 3%
Utility Boiler


Small Coal-fired 6.7E-04 6% 4.9E-04 6% 6.5E-04 2% 4.7E-04 2% 6.3E-04 1% 4.6E-04 1%
Utility Boiler


Medium OIl-fired 6.4E-04 1% 4.6E-04 1% 6.3E-04 0% 4.6E-04 0% 6.3E-04 0% 4.6E-04 0%
Utility Boiler


Chlor-alkali plant 8.0E-03 92% 5.9E-03 92% 1.4E-03 56% 1.0E-03 56% 8.2E-04 23% 5.9E-04 23%
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Table 3-13 (continued)
Eastern Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Subsistence Fisher


Eastern Site


RELMAP 90th percentile


Predicted Ingestion (mg/kg/day) for Subsistence Fisher


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 1.6E-03 45% 1.2E-03 45% 1.2E-03 23% 8.6E-04 23% 1.0E-03 9% 7.3E-04 9%
Municipal Waste
Combustor


Variant b:Small 1.1E-03 13% 7.7E-04 13% 9.5E-04 4% 6.9E-04 4% 9.2E-04 1% 6.7E-04 1%
Municipal Waste
Combustor


Large Commercial 1.1E-03 14% 7.7E-04 14% 9.3E-04 2% 6.8E-04 2% 9.1E-04 0% 6.7E-04 0%
HMI


Large Hospital HMI 1.8E-03 50% 1.3E-03 50% 1.0E-03 13% 7.6E-04 13% 9.4E-04 3% 6.9E-04 3%


Small Hospital HMI 9.7E-04 6% 7.1E-04 6% 9.2E-04 1% 6.7E-04 1% 9.1E-04 0% 6.7E-04 0%


Large Hospital HMI 9.4E-04 3% 6.8E-04 3% 9.1E-04 0% 6.7E-04 0% 9.1E-04 0% 6.6E-04 0%
(wet scrubber)


Small Hospital HMI 9.1E-04 0% 6.7E-04 0% 9.1E-04 0% 6.6E-04 0% 9.1E-04 0% 6.6E-04 0%
(wet scrubber)


Large Coal-fired 1.4E-03 33% 1.0E-03 33% 9.8E-04 7% 7.2E-04 7% 9.3E-04 3% 6.8E-04 3%
Utility Boiler


Medium Coal-fired 1.1E-03 17% 8.0E-04 17% 9.5E-04 5% 7.0E-04 5% 9.3E-04 2% 6.8E-04 2%
Utility Boiler


Small Coal-fired 9.5E-04 4% 7.0E-04 4% 9.3E-04 2% 6.7E-04 2% 9.1E-04 1% 6.7E-04 1%
Utility Boiler


Medium OIl-fired 9.2E-04 1% 6.7E-04 1% 9.1E-04 0% 6.7E-04 0% 9.1E-04 0% 6.6E-04 0%
Utility Boiler


Chlor-alkali plant 8.3E-03 89% 6.1E-03 89% 1.7E-03 47% 1.3E-03 47% 1.1E-03 17% 8.0E-04 17%
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Table 3-14
Eastern Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Recreational Angler


Eastern Site


RELMAP 50th percentile


Predicted Ingestion (mg/kg/day) for Recreational Angler


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large Municipal Waste Combustor 5.0E-04 54% 3.3E-04 30% 2.6E-04 13%


Variant b:Small Municipal Waste Combustor 2.8E-04 18% 2.4E-04 6% 2.3E-04 2%


Large Commercial HMI 2.8E-04 19% 2.3E-04 3% 2.3E-04 1%


Large Hospital HMI 5.6E-04 60% 2.8E-04 18% 2.4E-04 5%


Small Hospital HMI 2.5E-04 9% 2.3E-04 1% 2.3E-04 0%


Large Hospital HMI (wet scrubber) 2.4E-04 4% 2.3E-04 1% 2.3E-04 0%


Small Hospital HMI (wet scrubber) 2.3E-04 0% 2.3E-04 0% 2.3E-04 0%


Large Coal-fired Utility Boiler 3.9E-04 42% 2.5E-04 10% 2.4E-04 4%


Medium Coal-fired Utility Boiler 3.0E-04 24% 2.4E-04 7% 2.3E-04 3%


Small Coal-fired Utility Boiler 2.4E-04 6% 2.3E-04 2% 2.3E-04 1%


Medium OIl-fired Utility Boiler 2.3E-04 1% 2.3E-04 0% 2.3E-04 0%


Chlor-alkali plant 2.9E-03 92% 5.2E-04 56% 2.9E-04 23%


Eastern Site


RELMAP 90th percentile


Predicted Ingestion (mg/kg/day) for Recreational Angler


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large Municipal Waste Combustor 6.0E-04 45% 4.3E-04 23% 3.6E-04 9%


Variant b:Small Municipal Waste Combustor 3.8E-04 13% 3.4E-04 4% 3.3E-04 1%


Large Commercial HMI 3.8E-04 14% 3.4E-04 2% 3.3E-04 0%


Large Hospital HMI 6.7E-04 51% 3.8E-04 13% 3.4E-04 3%


Small Hospital HMI 3.5E-04 7% 3.3E-04 1% 3.3E-04 0%


Large Hospital HMI (wet scrubber) 3.4E-04 3% 3.3E-04 0% 3.3E-04 0%


Small Hospital HMI (wet scrubber) 3.3E-04 0% 3.3E-04 0% 3.3E-04 0%


Large Coal-fired Utility Boiler 4.9E-04 33% 3.6E-04 7% 3.4E-04 3%


Medium Coal-fired Utility Boiler 4.0E-04 18% 3.5E-04 5% 3.4E-04 2%


Small Coal-fired Utility Boiler 3.4E-04 5% 3.3E-04 2% 3.3E-04 1%


Medium OIl-fired Utility Boiler 3.3E-04 1% 3.3E-04 0% 3.3E-04 0%


Chlor-alkali plant 3.0E-03 89% 6.2E-04 47% 4.0E-04 17%
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Table 3-15
Western Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Subsistence Farmer


Western Site


RELMAP 50th percentile


Predicted Ingestion (mg/kg/day) for Subsistence Farmer


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 4.6E-05 8% 3.6E-05 6% 4.4E-05 4% 3.5E-05 3% 4.3E-05 2% 3.5E-05 1%
Municipal Waste
Combustor


Variant b:Small 4.3E-05 2% 3.5E-05 1% 4.3E-05 1% 3.5E-05 0% 4.3E-05 0% 3.4E-05 0%
Municipal Waste
Combustor


Large Commercial HMI 4.3E-05 2% 3.5E-05 1% 4.3E-05 0% 3.4E-05 0% 4.3E-05 0% 3.4E-05 0%


Large Hospital HMI 4.6E-05 8% 3.6E-05 5% 4.3E-05 1% 3.5E-05 1% 4.3E-05 0% 3.4E-05 0%


Small Hospital HMI 4.3E-05 1% 3.5E-05 0% 4.3E-05 0% 3.4E-05 0% 4.3E-05 0% 3.4E-05 0%


Large Hospital HMI 4.3E-05 0% 3.4E-05 0% 4.3E-05 0% 3.4E-05 0% 4.3E-05 0% 3.4E-05 0%
(wet scrubber)


Small Hospital HMI 4.3E-05 0% 3.4E-05 0% 4.3E-05 0% 3.4E-05 0% 4.3E-05 0% 3.4E-05 0%
(wet scrubber)


Large Coal-fired Utility 4.4E-05 3% 3.5E-05 2% 4.3E-05 1% 3.5E-05 0% 4.3E-05 0% 3.4E-05 0%
Boiler


Medium Coal-fired 4.3E-05 1% 3.5E-05 1% 4.3E-05 1% 3.5E-05 0% 4.3E-05 0% 3.4E-05 0%
Utility Boiler


Small Coal-fired Utility 4.3E-05 0% 3.4E-05 0% 4.3E-05 0% 3.4E-05 0% 4.3E-05 0% 3.4E-05 0%
Boiler


Medium OIl-fired 4.3E-05 0% 3.4E-05 0% 4.3E-05 0% 3.4E-05 0% 4.3E-05 0% 3.4E-05 0%
Utility Boiler


Chlor-alkali plant 1.1E-04 61% 8.3E-05 58% 5.2E-05 19% 4.2E-05 17% 4.6E-05 7% 3.7E-05 6%
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Table 3-15 (continued)
Western Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Subsistence Farmer


Western Site


RELMAP 90th percentile


Predicted Ingestion (mg/kg/day) for Subsistence Farmer


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 4.9E-05 7% 3.8E-05 5% 4.7E-05 4% 3.7E-05 3% 4.6E-05 2% 3.6E-05 1%
Municipal Waste
Combustor


Variant b:Small 4.6E-05 2% 3.6E-05 1% 4.5E-05 1% 3.6E-05 0% 4.5E-05 0% 3.6E-05 0%
Municipal Waste
Combustor


Large Commercial HMI 4.6E-05 2% 3.6E-05 1% 4.5E-05 0% 3.6E-05 0% 4.5E-05 0% 3.6E-05 0%


Large Hospital HMI 4.9E-05 7% 3.8E-05 5% 4.6E-05 1% 3.6E-05 1% 4.5E-05 0% 3.6E-05 0%


Small Hospital HMI 4.5E-05 1% 3.6E-05 0% 4.5E-05 0% 3.6E-05 0% 4.5E-05 0% 3.6E-05 0%


Large Hospital HMI 4.5E-05 0% 3.6E-05 0% 4.5E-05 0% 3.6E-05 0% 4.5E-05 0% 3.6E-05 0%
(wet scrubber)


Small Hospital HMI 4.5E-05 0% 3.6E-05 0% 4.5E-05 0% 3.6E-05 0% 4.5E-05 0% 3.6E-05 0%
(wet scrubber)


Large Coal-fired Utility 4.6E-05 3% 3.6E-05 2% 4.6E-05 1% 3.6E-05 0% 4.5E-05 0% 3.6E-05 0%
Boiler


Medium Coal-fired 4.6E-05 1% 3.6E-05 1% 4.5E-05 1% 3.6E-05 0% 4.5E-05 0% 3.6E-05 0%
Utility Boiler


Small Coal-fired Utility 4.5E-05 0% 3.6E-05 0% 4.5E-05 0% 3.6E-05 0% 4.5E-05 0% 3.6E-05 0%
Boiler


Medium OIl-fired 4.5E-05 0% 3.6E-05 0% 4.5E-05 0% 3.6E-05 0% 4.5E-05 0% 3.6E-05 0%
Utility Boiler


Chlor-alkali plant 1.1E-04 60% 8.4E-05 57% 5.5E-05 18% 4.3E-05 17% 4.8E-05 6% 3.8E-05 6%
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Table 3-16
Western Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Rural Home Gardner


Western Site


RELMAP 50th percentile


Predicted Ingestion (mg/kg/day) for Rural Home Gardener


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 9.9E-06 7% 8.4E-06 4% 9.6E-06 4% 8.3E-06 2% 9.3E-06 2% 8.2E-06 1%
Municipal Waste
Combustor


Variant b:Small 9.3E-06 2% 8.2E-06 1% 9.2E-06 1% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0%
Municipal Waste
Combustor


Large Commercial HMI 9.3E-06 2% 8.2E-06 1% 9.2E-06 0% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0%


Large Hospital HMI 1.0E-05 8% 8.5E-06 4% 9.3E-06 2% 8.2E-06 1% 9.2E-06 0% 8.1E-06 0%


Small Hospital HMI 9.2E-06 1% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0%


Large Hospital HMI 9.2E-06 0% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0%
(wet scrubber)


Small Hospital HMI 9.2E-06 0% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0%
(wet scrubber)


Large Coal-fired Utility 9.3E-06 1% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0%
Boiler


Medium Coal-fired 9.2E-06 1% 8.1E-06 0% 9.2E-06 1% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0%
Utility Boiler


Small Coal-fired Utility 9.2E-06 0% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0%
Boiler


Medium OIl-fired 9.2E-06 0% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0% 9.2E-06 0% 8.1E-06 0%
Utility Boiler


Chlor-alkali plant 2.5E-05 63% 1.9E-05 57% 1.1E-05 20% 9.8E-06 17% 9.9E-06 7% 8.6E-06 6%
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Table 3-16 (continued)
Western Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Rural Home Gardner


Western Site


RELMAP 90th percentile


Predicted Ingestion (mg/kg/day) for Rural Home Gardener


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 1.0E-05 7% 8.6E-06 4% 9.8E-06 4% 8.5E-06 2% 9.6E-06 2% 8.4E-06 1%
Municipal Waste
Combustor


Variant b:Small 9.6E-06 2% 8.4E-06 1% 9.5E-06 1% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0%
Municipal Waste
Combustor


Large Commercial HMI 9.6E-06 2% 8.4E-06 1% 9.5E-06 0% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0%


Large Hospital HMI 1.0E-05 8% 8.6E-06 4% 9.6E-06 2% 8.3E-06 1% 9.5E-06 0% 8.3E-06 0%


Small Hospital HMI 9.5E-06 1% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0%


Large Hospital HMI 9.5E-06 0% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0%
(wet scrubber)


Small Hospital HMI 9.5E-06 0% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0%
(wet scrubber)


Large Coal-fired Utility 9.6E-06 1% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0%
Boiler


Medium Coal-fired 9.5E-06 1% 8.3E-06 0% 9.5E-06 1% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0%
Utility Boiler


Small Coal-fired Utility 9.5E-06 0% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0%
Boiler


Medium OIl-fired 9.5E-06 0% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0% 9.5E-06 0% 8.3E-06 0%
Utility Boiler


Chlor-alkali plant 2.5E-05 62% 1.9E-05 57% 1.2E-05 19% 9.9E-06 17% 1.0E-05 7% 8.8E-06 6%
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Table 3-17
Western Site — RELMAP 50th and 90th Percentiles
Predicted Ingestion (mg/kg/day) for Urban Average


Western Site


RELMAP 50th percentile


Predicted Ingestion (mg/kg/day) for Urban Average


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 4.9E-07 75% 6.0E-08 75% 3.1E-07 60% 3.7E-08 60% 1.9E-07 35% 2.3E-08 35%
Municipal Waste
Combustor


Variant b:Small 2.0E-07 39% 2.5E-08 39% 1.5E-07 15% 1.8E-08 15% 1.3E-07 5% 1.6E-08 5%
Municipal Waste
Combustor


Large Commercial HMI 2.0E-07 38% 2.4E-08 38% 1.3E-07 7% 1.6E-08 7% 1.3E-07 2% 1.5E-08 2%


Large Hospital HMI 6.2E-07 80% 7.5E-08 80% 2.0E-07 38% 2.4E-08 38% 1.4E-07 13% 1.7E-08 13%


Small Hospital HMI 1.6E-07 21% 1.9E-08 21% 1.3E-07 3% 1.5E-08 3% 1.2E-07 1% 1.5E-08 1%


Large Hospital HMI 1.4E-07 10% 1.7E-08 10% 1.2E-07 1% 1.5E-08 1% 1.2E-07 0% 1.5E-08 0%
(wet scrubber)


Small Hospital HMI 1.2E-07 1% 1.5E-08 1% 1.2E-07 0% 1.5E-08 0% 1.2E-07 0% 1.5E-08 0%
(wet scrubber)


Large Coal-fired Utility 2.0E-07 37% 2.4E-08 37% 1.5E-07 16% 1.8E-08 16% 1.4E-07 14% 1.7E-08 14%
Boiler


Medium Coal-fired 1.6E-07 25% 2.0E-08 25% 1.5E-07 19% 1.8E-08 19% 1.4E-07 13% 1.7E-08 13%
Utility Boiler


Small Coal-fired Utility 1.4E-07 15% 1.8E-08 15% 1.3E-07 7% 1.6E-08 7% 1.3E-07 3% 1.5E-08 3%
Boiler


Medium OIl-fired 1.3E-07 2% 1.5E-08 2% 1.2E-07 1% 1.5E-08 1% 1.2E-07 0% 1.5E-08 0%
Utility Boiler


Chlor-alkali plant 4.0E-06 97% 4.9E-07 97% 5.8E-07 79% 7.0E-08 79% 2.4E-07 49% 2.9E-08 49%







3-31


Table 3-17 (continued)
Western Site — RELMAP 50th and 90th Percentiles
Predicted Ingestion (mg/kg/day) for Urban Average


Western Site


RELMAP 90th percentile


Predicted Ingestion (mg/kg/day) for Urban Average


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 6.1E-07 61% 7.4E-08 61% 4.2E-07 44% 5.2E-08 44% 3.1E-07 22% 3.7E-08 22%
Municipal Waste
Combustor


Variant b:Small 3.2E-07 25% 3.9E-08 25% 2.6E-07 9% 3.2E-08 9% 2.5E-07 3% 3.0E-08 3%
Municipal Waste
Combustor


Large Commercial HMI 3.2E-07 24% 3.8E-08 24% 2.5E-07 4% 3.0E-08 4% 2.4E-07 1% 2.9E-08 1%


Large Hospital HMI 7.4E-07 67% 8.9E-08 67% 3.1E-07 24% 3.8E-08 24% 2.6E-07 7% 3.1E-08 7%


Small Hospital HMI 2.7E-07 12% 3.3E-08 12% 2.4E-07 2% 3.0E-08 2% 2.4E-07 0% 2.9E-08 0%


Large Hospital HMI 2.5E-07 6% 3.1E-08 6% 2.4E-07 1% 2.9E-08 1% 2.4E-07 0% 2.9E-08 0%
(wet scrubber)


Small Hospital HMI 2.4E-07 0% 2.9E-08 0% 2.4E-07 0% 2.9E-08 0% 2.4E-07 0% 2.9E-08 0%
(wet scrubber)


Large Coal-fired Utility 3.1E-07 23% 3.8E-08 23% 2.6E-07 9% 3.2E-08 9% 2.6E-07 8% 3.2E-08 8%
Boiler


Medium Coal-fired 2.8E-07 15% 3.4E-08 15% 2.7E-07 10% 3.2E-08 10% 2.6E-07 7% 3.1E-08 7%
Utility Boiler


Small Coal-fired Utility 2.6E-07 8% 3.2E-08 8% 2.5E-07 4% 3.0E-08 4% 2.4E-07 1% 2.9E-08 1%
Boiler


Medium OIl-fired 2.4E-07 1% 2.9E-08 1% 2.4E-07 1% 2.9E-08 1% 2.4E-07 0% 2.9E-08 0%
Utility Boiler


Chlor-alkali plant 4.1E-06 94% 5.0E-07 94% 7.0E-07 66% 8.5E-08 66% 3.6E-07 33% 4.4E-08 33%
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Table 3-18
Western Site — RELMAP 50th and 90th Percentiles
Predicted Ingestion (mg/kg/day) for Urban High End


Western Site


RELMAP 50th percentile


Predicted Ingestion (mg/kg/day) for Urban High End


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 1.8E-05 76% 3.1E-06 5% 1.1E-05 61% 3.1E-06 3% 6.9E-06 36% 3.0E-06 1%
Municipal Waste
Combustor


Variant b:Small 7.3E-06 40% 3.0E-06 1% 5.2E-06 16% 3.0E-06 0% 4.7E-06 6% 3.0E-06 0%
Municipal Waste
Combustor


Large Commercial HMI 7.2E-06 39% 3.0E-06 1% 4.8E-06 8% 3.0E-06 0% 4.5E-06 2% 3.0E-06 0%


Large Hospital HMI 2.3E-05 81% 3.2E-06 6% 7.2E-06 38% 3.0E-06 1% 5.1E-06 14% 3.0E-06 0%


Small Hospital HMI 5.6E-06 22% 3.0E-06 0% 4.6E-06 3% 3.0E-06 0% 4.4E-06 1% 3.0E-06 0%


Large Hospital HMI 4.9E-06 11% 3.0E-06 0% 4.5E-06 2% 3.0E-06 0% 4.4E-06 0% 3.0E-06 0%
(wet scrubber)


Small Hospital HMI 4.4E-06 1% 3.0E-06 0% 4.4E-06 0% 3.0E-06 0% 4.4E-06 0% 3.0E-06 0%
(wet scrubber)


Large Coal-fired Utility 7.1E-06 38% 3.0E-06 1% 5.3E-06 16% 3.0E-06 0% 5.2E-06 15% 3.0E-06 0%
Boiler


Medium Coal-fired 6.0E-06 26% 3.0E-06 0% 5.4E-06 19% 3.0E-06 0% 5.1E-06 13% 3.0E-06 0%
Utility Boiler


Small Coal-fired Utility 5.2E-06 15% 3.0E-06 0% 4.8E-06 7% 3.0E-06 0% 4.5E-06 3% 3.0E-06 0%
Boiler


Medium OIl-fired 4.5E-06 2% 3.0E-06 0% 4.5E-06 1% 3.0E-06 0% 4.4E-06 0% 3.0E-06 0%
Utility Boiler


Chlor-alkali plant 1.5E-04 97% 7.3E-06 59% 2.1E-05 79% 3.6E-06 18% 8.8E-06 50% 3.2E-06 6%
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Table 3-18 (continued)
Western Site — RELMAP 50th and 90th Percentiles
Predicted Ingestion (mg/kg/day) for Urban High End


Western Site


RELMAP 90th percentile


Predicted Ingestion (mg/kg/day) for Urban High End


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 2.3E-05 61% 3.2E-06 5% 1.6E-05 44% 3.1E-06 3% 1.1E-05 22% 3.1E-06 1%
Municipal Waste
Combustor


Variant b:Small 1.2E-05 25% 3.1E-06 1% 9.6E-06 9% 3.1E-06 0% 9.0E-06 3% 3.1E-06 0%
Municipal Waste
Combustor


Large Commercial HMI 1.2E-05 24% 3.1E-06 1% 9.1E-06 4% 3.1E-06 0% 8.8E-06 1% 3.1E-06 0%


Large Hospital HMI 2.7E-05 68% 3.2E-06 6% 1.1E-05 24% 3.1E-06 1% 9.4E-06 8% 3.1E-06 0%


Small Hospital HMI 9.9E-06 12% 3.1E-06 0% 8.9E-06 2% 3.1E-06 0% 8.8E-06 0% 3.1E-06 0%


Large Hospital HMI 9.3E-06 6% 3.1E-06 0% 8.8E-06 1% 3.1E-06 0% 8.7E-06 0% 3.1E-06 0%
(wet scrubber)


Small Hospital HMI 8.8E-06 0% 3.1E-06 0% 8.7E-06 0% 3.1E-06 0% 8.7E-06 0% 3.1E-06 0%
(wet scrubber)


Large Coal-fired Utility 1.1E-05 23% 3.1E-06 1% 9.6E-06 9% 3.1E-06 0% 9.5E-06 8% 3.1E-06 0%
Boiler


Medium Coal-fired 1.0E-05 15% 3.1E-06 0% 9.8E-06 11% 3.1E-06 0% 9.4E-06 7% 3.1E-06 0%
Utility Boiler


Small Coal-fired Utility 9.5E-06 8% 3.1E-06 0% 9.1E-06 4% 3.1E-06 0% 8.8E-06 1% 3.1E-06 0%
Boiler


Medium OIl-fired 8.8E-06 1% 3.1E-06 0% 8.8E-06 1% 3.1E-06 0% 8.7E-06 0% 3.1E-06 0%
Utility Boiler


Chlor-alkali plant 1.5E-04 94% 7.4E-06 58% 2.6E-05 66% 3.7E-06 17% 1.3E-05 34% 3.3E-06 6%
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Table 3-19
Western Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Subsistence Fisher


Western Site


RELMAP 50th percentile


Predicted Ingestion (mg/kg/day) for Subsistence Fisher


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 7.2E-04 83% 5.2E-04 83% 4.5E-04 72% 3.3E-04 72% 2.3E-04 46% 1.7E-04 45%
Municipal Waste
Combustor


Variant b:Small 2.8E-04 55% 2.0E-04 55% 1.6E-04 25% 1.2E-04 24% 1.3E-04 8% 9.9E-05 8%
Municipal Waste
Combustor


Large Commercial HMI 2.8E-04 56% 2.1E-04 55% 1.4E-04 13% 1.0E-04 13% 1.3E-04 3% 9.4E-05 3%


Large Hospital HMI 1.1E-03 89% 8.3E-04 89% 2.6E-04 52% 1.9E-04 52% 1.5E-04 19% 1.1E-04 19%


Small Hospital HMI 1.9E-04 35% 1.4E-04 35% 1.3E-04 6% 9.7E-05 6% 1.3E-04 1% 9.3E-05 1%


Large Hospital HMI 1.5E-04 19% 1.1E-04 19% 1.3E-04 3% 9.4E-05 3% 1.2E-04 1% 9.2E-05 1%
(wet scrubber)


Small Hospital HMI 1.3E-04 1% 9.3E-05 1% 1.2E-04 0% 9.2E-05 0% 1.2E-04 0% 9.1E-05 0%
(wet scrubber)


Large Coal-fired Utility 2.5E-04 51% 1.9E-04 51% 1.6E-04 23% 1.2E-04 23% 1.5E-04 20% 1.1E-04 20%
Boiler


Medium Coal-fired 1.9E-04 35% 1.4E-04 35% 1.7E-04 27% 1.2E-04 26% 1.5E-04 18% 1.1E-04 18%
Utility Boiler


Small Coal-fired Utility 1.6E-04 23% 1.2E-04 23% 1.4E-04 12% 1.0E-04 12% 1.3E-04 4% 9.5E-05 4%
Boiler


Medium OIl-fired 1.3E-04 2% 9.3E-05 2% 1.3E-04 2% 9.3E-05 2% 1.2E-04 1% 9.2E-05 1%
Utility Boiler


Chlor-alkali plant 8.2E-03 98% 6.0E-03 98% 9.6E-04 87% 7.0E-04 87% 3.1E-04 60% 2.2E-04 59%
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Table 3-19 (continued)
Western Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Subsistence Fisher


Western Site


RELMAP 90th percentile


Predicted Ingestion (mg/kg/day) for Subsistence Fisher


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large 8.7E-04 68% 6.4E-04 68% 6.1E-04 53% 4.4E-04 53% 3.9E-04 27% 2.8E-04 27%
Municipal Waste
Combustor


Variant b:Small 4.3E-04 35% 3.2E-04 35% 3.2E-04 13% 2.4E-04 12% 2.9E-04 4% 2.2E-04 4%
Municipal Waste
Combustor


Large Commercial HMI 4.4E-04 36% 3.2E-04 35% 3.0E-04 6% 2.2E-04 6% 2.9E-04 1% 2.1E-04 1%


Large Hospital HMI 1.3E-03 78% 9.5E-04 78% 4.2E-04 32% 3.1E-04 32% 3.1E-04 9% 2.3E-04 9%


Small Hospital HMI 3.5E-04 19% 2.6E-04 19% 2.9E-04 3% 2.1E-04 3% 2.8E-04 1% 2.1E-04 1%


Large Hospital HMI 3.1E-04 9% 2.3E-04 9% 2.9E-04 1% 2.1E-04 1% 2.8E-04 0% 2.1E-04 0%
(wet scrubber)


Small Hospital HMI 2.8E-04 1% 2.1E-04 1% 2.8E-04 0% 2.1E-04 0% 2.8E-04 0% 2.1E-04 0%
(wet scrubber)


Large Coal-fired Utility 4.1E-04 32% 3.0E-04 31% 3.2E-04 12% 2.3E-04 11% 3.1E-04 10% 2.3E-04 10%
Boiler


Medium Coal-fired 3.5E-04 19% 2.6E-04 19% 3.3E-04 14% 2.4E-04 14% 3.1E-04 9% 2.3E-04 9%
Utility Boiler


Small Coal-fired Utility 3.2E-04 12% 2.3E-04 11% 3.0E-04 6% 2.2E-04 6% 2.9E-04 2% 2.1E-04 2%
Boiler


Medium OIl-fired 2.9E-04 1% 2.1E-04 1% 2.8E-04 1% 2.1E-04 1% 2.8E-04 0% 2.1E-04 0%
Utility Boiler


Chlor-alkali plant 8.3E-03 97% 6.1E-03 97% 1.1E-03 75% 8.2E-04 75% 4.7E-04 39% 3.4E-04 39%
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Table 3-20
Western Site — RELMAP 50th and 90th Percentiles


Predicted Ingestion (mg/kg/day) for Recreational Angler


Western Site


RELMAP 50th percentile


Predicted Ingestion (mg/kg/day) for Recreational Angler


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large Municipal Waste Combustor 2.6E-04 83% 1.6E-04 73% 8.1E-05 47%


Variant b:Small Municipal Waste Combustor 9.9E-05 57% 5.8E-05 26% 4.7E-05 8%


Large Commercial HMI 1.0E-04 57% 4.9E-05 13% 4.4E-05 3%


Large Hospital HMI 4.1E-04 90% 9.2E-05 54% 5.4E-05 20%


Small Hospital HMI 6.8E-05 37% 4.6E-05 6% 4.3E-05 1%


Large Hospital HMI (wet scrubber) 5.3E-05 20% 4.4E-05 3% 4.3E-05 1%


Small Hospital HMI (wet scrubber) 4.4E-05 2% 4.3E-05 0% 4.3E-05 0%


Large Coal-fired Utility Boiler 9.0E-05 53% 5.6E-05 24% 5.4E-05 21%


Medium Coal-fired Utility Boiler 6.7E-05 36% 5.9E-05 28% 5.3E-05 19%


Small Coal-fired Utility Boiler 5.6E-05 24% 4.9E-05 12% 4.5E-05 4%


Medium OIl-fired Utility Boiler 4.4E-05 2% 4.4E-05 2% 4.3E-05 1%


Chlor-alkali plant 3.0E-03 99% 3.5E-04 88% 1.1E-04 61%


Western Site


RELMAP 90th percentile


Predicted Ingestion (mg/kg/day) for Recreational Angler


2.5km 10 km 25km


Child Adult Child Adult Child Adult


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large Municipal Waste Combustor 3.2E-04 68% 2.2E-04 54% 1.4E-04 27%


Variant b:Small Municipal Waste Combustor 1.6E-04 36% 1.2E-04 13% 1.0E-04 4%


Large Commercial HMI 1.6E-04 36% 1.1E-04 6% 1.0E-04 1%


Large Hospital HMI 4.7E-04 79% 1.5E-04 33% 1.1E-04 10%


Small Hospital HMI 1.3E-04 20% 1.0E-04 3% 1.0E-04 1%


Large Hospital HMI (wet scrubber) 1.1E-04 10% 1.0E-04 1% 1.0E-04 0%


Small Hospital HMI (wet scrubber) 1.0E-04 1% 1.0E-04 0% 1.0E-04 0%


Large Coal-fired Utility Boiler 1.5E-04 32% 1.1E-04 12% 1.1E-04 10%


Medium Coal-fired Utility Boiler 1.3E-04 20% 1.2E-04 14% 1.1E-04 9%


Small Coal-fired Utility Boiler 1.1E-04 12% 1.1E-04 6% 1.0E-04 2%


Medium OIl-fired Utility Boiler 1.0E-04 1% 1.0E-04 1% 1.0E-04 0%


Chlor-alkali plant 3.0E-03 97% 4.1E-04 75% 1.7E-04 40%
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Table 3-21
Eastern Site — RELMAP 50th and 90th Percentiles


Predicted Inhalation
Eastern Site Predicted Inhalation for Eastern Site


RELMAP 50th percentile 2.5km 10km 25km


Child Adult Full time A d u l t Child Adult Full time A d u l t Child Adult Full time A d u l t
Part time Part time Part time


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large Municipal Waste Combustor 1.6E-06 3% 4.9E-07 3% 3.3E-07 3% 1.6E-06 2% 4.9E-07 2% 3.3E-07 2% 1.6E-06 1% 4.8E-07 1% 3.2E-07 1%


Variant b:Small Municipal Waste Combustor 1.6E-06 1% 4.8E-07 1% 3.2E-07 1% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0%


Large Commercial HMI 1.6E-06 1% 4.8E-07 1% 3.2E-07 1% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0%


Large Hospital HMI 1.6E-06 3% 4.9E-07 3% 3.3E-07 3% 1.6E-06 1% 4.8E-07 1% 3.2E-07 1% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0%


Small Hospital HMI 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0%


Large Hospital HMI (wet scrubber) 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0%


Small Hospital HMI (wet scrubber) 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0%


Large Coal-fired Utility Boiler 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0%


Medium Coal-fired Utility Boiler 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0%


Small Coal-fired Utility Boiler 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0%


Medium OIl-fired Utility Boiler 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0% 1.6E-06 0% 4.8E-07 0% 3.2E-07 0%


Chlor-alkali plant 3.7E-06 58% 1.1E-06 58% 7.6E-07 58% 2.0E-06 21% 6.0E-07 21% 4.0E-07 21% 1.7E-06 8% 5.2E-07 8% 3.4E-07 8%


Eastern Site Predicted Inhalation for Eastern Site


RELMAP 90th percentile 2.5km 10km 25km


Child Adult Full time A d u l t Child Adult Full time A d u l t Child Adult Full time A d u l t
Part time Part time Part time


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large Municipal Waste Combustor 1.7E-06 3% 5.1E-07 3% 3.4E-07 3% 1.7E-06 2% 5.0E-07 2% 3.4E-07 2% 1.6E-06 1% 5.0E-07 1% 3.3E-07 1%


Variant b:Small Municipal Waste Combustor 1.6E-06 1% 5.0E-07 1% 3.3E-07 1% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0%


Large Commercial HMI 1.6E-06 1% 5.0E-07 1% 3.3E-07 1% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0%


Large Hospital HMI 1.7E-06 3% 5.1E-07 3% 3.4E-07 3% 1.6E-06 1% 5.0E-07 1% 3.3E-07 1% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0%


Small Hospital HMI 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0%


Large Hospital HMI (wet scrubber) 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0%


Small Hospital HMI (wet scrubber) 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0%


Large Coal-fired Utility Boiler 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0%


Medium Coal-fired Utility Boiler 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0%


Small Coal-fired Utility Boiler 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0%


Medium OIl-fired Utility Boiler 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0% 1.6E-06 0% 4.9E-07 0% 3.3E-07 0%


Chlor-alkali plant 3.8E-06 57% 1.1E-06 57% 7.7E-07 57% 2.0E-06 21% 6.2E-07 21% 4.1E-07 21% 1.8E-06 8% 5.3E-07 8% 3.5E-07 8%
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Table 3-22
Western Site — RELMAP 50th and 90th Percentiles


Predicted Inhalation


Western Site Predicted Inhalation for Western SIte


RELMAP 50th percentile 2.5km 10km 25km


Child Adult Full time Adult Part time Child Adult Full time Adult Part time Child Adult Full time Adult Part time


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large Municipal Waste Combustor 1.6E-06 2% 4.7E-07 2% 3.2E-07 2% 1.5E-06 2% 4.7E-07 2% 3.1E-07 2% 1.5E-06 1% 4.7E-07 1% 3.1E-07 1%


Variant b:Small Municipal Waste Combustor 1.5E-06 1% 4.6E-07 1% 3.1E-07 1% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0%


Large Commercial HMI 1.5E-06 1% 4.7E-07 1% 3.1E-07 1% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0%


Large Hospital HMI 1.6E-06 2% 4.7E-07 2% 3.2E-07 2% 1.5E-06 1% 4.6E-07 1% 3.1E-07 1% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0%


Small Hospital HMI 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0%


Large Hospital HMI (wet scrubber) 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0%


Small Hospital HMI (wet scrubber) 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0%


Large Coal-fired Utility Boiler 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0%


Medium Coal-fired Utility Boiler 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0%


Small Coal-fired Utility Boiler 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0%


Medium OIl-fired Utility Boiler 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0% 1.5E-06 0% 4.6E-07 0% 3.1E-07 0%


Chlor-alkali plant 3.3E-06 54% 1.0E-06 54% 6.8E-07 54% 1.8E-06 16% 5.5E-07 16% 3.7E-07 16% 1.6E-06 6% 4.9E-07 6% 3.3E-07 6%


Western SIte Predicted Inhalation for Western SIte


RELMAP 90th percentile 2.5km 10km 25km


Child Adult Full time Adult Part time Child Adult Full time Adult Part time Child Adult Full time Adult Part time


Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC Value %ISC


Variant b:Large Municipal Waste Combustor 1.6E-06 2% 4.8E-07 2% 3.2E-07 2% 1.6E-06 2% 4.8E-07 2% 3.2E-07 2% 1.6E-06 1% 4.7E-07 1% 3.2E-07 1%


Variant b:Small Municipal Waste Combustor 1.6E-06 1% 4.7E-07 1% 3.1E-07 1% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0%


Large Commercial HMI 1.6E-06 1% 4.7E-07 1% 3.2E-07 1% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0%


Large Hospital HMI 1.6E-06 2% 4.8E-07 2% 3.2E-07 2% 1.6E-06 1% 4.7E-07 1% 3.1E-07 1% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0%


Small Hospital HMI 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0%


Large Hospital HMI (wet scrubber) 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0%


Small Hospital HMI (wet scrubber) 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0%


Large Coal-fired Utility Boiler 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0%


Medium Coal-fired Utility Boiler 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0%


Small Coal-fired Utility Boiler 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0%


Medium OIl-fired Utility Boiler 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0% 1.5E-06 0% 4.7E-07 0% 3.1E-07 0%


Chlor-alkali plant 3.4E-06 54% 1.0E-06 54% 6.8E-07 54% 1.8E-06 16% 5.6E-07 16% 3.7E-07 16% 1.6E-06 6% 5.0E-07 6% 3.3E-07 6%
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fruiting vegetables the bulk of mercury is also modeled to be the result of uptake of mercury from the
atmosphere into the plant.


Although not shown in the tables below, divalent mercury accounts for approximately 90% of the
total mercury intake for the agricultural scenarios, with the rest being methylmercury.  This partitioning
is reflective of the predicted speciation of mercury in the ingested plant and animal products. 


The differences between facilities are due to differences in parameters that affect effective stack
height,  and the assumed total mercury emission rate.  The speciation of mercury emissions is not an
important factor because the speciation only affects the predicted deposition rates, not the total mercury
air concentrations.  


3.2.3 Urban Scenarios


With the exception of the child exhibbiting pica behavior in this scenario (urban high end child),
the predicted mercury exposures in the urban scenarios are generally an order of magnitude lower than
those for the agricultural scenarios.  This reflects the lower ingestion rates assumed for locally grown
plant products.  As for the agricultural scenarios, divalent mercury is the primary form of mercury to
which they receptors are exposed.  


The larger contribution of the local sources in these scenarios reflects the fact that only for the
urban high end is consumption of plant products assumed: for the other urban scenarios exposure to
mercury from the local source is assumed to be solely through ingestion of soil.  The contributions of the
local source shown for the urban scenarios thus reflect the contribution of the local source on the soil
concentrations, which themselves are driven by the mercury deposition rates.  The mercury deposition
rates are generally driven by the assumed speciation of mercury emissions.


The contribution of the local source when pica behaviour is exhibbited (urban high end child)
reflects the contribution of the local source to the soil concentration.


3.2.4 Fish Ingestion Scenarios


The predicted mercury exposure in the fish ingestion scenarios (high-end fisher and recreational
angler) is dominated by exposure through ingestion of fish, even though some exposure through ingestion
of plant products is also assumed.  Methylmercury is the primary form of mercury to which these
receptors are exposed.  The fish concentrations are driven by the predicted dissolved methylmercury
concentrations in the surface water, which themselves are driven by the watershed soil concentrations
and the waterbody atmospheric mercury deposition rate.


For several of the facilities at both the eastern and western sites, the majority of the exposure to
mercury is predicted to be due to the local source for the waterbody located 2.5 km from the facility. 
This is also true for some facilities at both 10 km and 25 km.  These results reflect the contribution of the
local source to total mercury deposition onto the waterbody and the watershed soils.


The contribution of the local source is larger at the western site because both the regional and
pre-industrial deposition rates are lower than at the eastern site, while the results for the local source
(using ISC) are more similar.  However, the total mercury exposure is approximately twice as low at the
drier western site compared to the eastern site due primarily to differences in meteorology.
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3.3 Issues Related to Predicted Mercury Exposure Estimates


In the modeling effort exposure for six different hypothetical adult humans was
modeled.  Atmospheric emissions of anthropogenic origin, local background and regional atmospheric
mercury may  not be the only sources of mercury exposure.  Individuals can be exposed to mercury from
other sources such as occupation and consumption of non-local (e.g., marine) fish. Quantitative estimates
of these sources are presented in the following chapters of this Volume. This section considers the logic
of adding exposure from these additional sources in an assessment.


Occupational mercury may be an important source of exposure.  This source may apply to any
hypothetical adult modeled here with the exception of the subsistence farmer. For a given area with a
relevant industrial base, it may be appropriate to consider these exposures for members of the population,
when assessing mercury exposures.


In the modeling effort several hypothetical humans were assumed not to consume locally-caught
fish.  These hypothetical individuals include: a subsistence farmer and child, a rural home gardener, and
the urban dwellers. For these hypothetical individuals, it is reasonable to assume that some fraction of the
individuals they represent will consume marine fish. For this marine fish consuming subset, the ranges of
methylmercury exposure from marine fish consumption that are estimated later in this Volume are
applicable.  Methylmercury from marine fish consumption, if considered, is an incremental increase over
the estimated intakes.


In the modeling effort several hypothetical individuals were assumed to consume high levels of
locally caught fish. These individuals include: an angler, who is assumed to consume 60 grams of local
fish/day, a child, who is assumed to consume 20 grams of local fish/day and a recreational angler who is
assumed to consume 30 grams fish/day.  Since these hypothetical individuals consume high levels of
local fish, it is probably inappropriate to consider exposure through an additional fish consumption
pathway.  Although it is reasonable to assume that some individuals consume both local and other fish;
for example, Fiore et al. (1989) documented the consumption of both self-caught and purchased fish in
U.S. anglers, these data are not combined in this assessment. 


The initial conditions assumed before the facility is modeled (referred to here as “background”)
are potentially critical to the total mercury exposure.  This is particularly important because the
magnitude of the contribution of a local source to the total may be used to assess its impact.  A delicate
balance is required when including such a “background” in the analysis.  This is because it is not just a
matter of a local source’s contribution to this background, but the total impact of background plus the
local source that is ultimately the primary concern.  Overestimating the background will result in a
concurrent decrease in the contribution of a given local source, but may result in exceeding thresholds
that would not be exceeded if lower estimates of background are assumed.  Resolution of this issue is not
within the objectives of the current report; it is noted, however, that there is no available guidance on
how to incorporate background in exposure assessment. For a local scale mercury exposure assessment it
is important to measure mercury concentrations in various media.


The impact of the uncertainty in the predicted air concentrations and deposition rates for each
facility is most important for the fish ingestion and pica child scenarios.  This is because, in general, the
local source does not contribute significantly to the mercury exposure for the agricultural and urban
scenarios.  The exception to this pattern is the chlor-alkali model plant.  In this case, the low assumed
mercury release height results in the facility having a substantial impact on the mercury air
concentrations close to the facility.
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3.4 Summary Conclusions


� The contribution of the local source, compared to background and the regional contribution, is
larger at the western, drier site than at the eastern site.  This is because both the regional impact
and background values are much lower at the western site than is prdicted to occur for the local
source.  However, the magnitude of the total exposure at the western site is about half that at the
eastern site due to the drier meteorology at the western site.


� For the agricultural scenarios, it is generally the background or regional sources that account for
the majority of total mercury exposure.  This is because the dominant pathway of mercury
exposure in these scenarios is the ingestion of plants, which accumulate most of their mercury
from the air, and most of the local sources are predicted to have little impact on the local average
air concentrations compared to the regional sources.


� Most of the mercury to which the hypothetical receptor is exposed in the agricultural and urban
scenarios is divalent mercury.  This is because most of the mercury in plants and soil is predicted
to be of this form.  In contrast, in the fish ingestion scenairos methylmercury is the primary form
of mercury to which the receptor is exposed.


� For the fish ingestion scenarios, the local sources are predicted to account for the majority of the
total mercury exposure for waterbodies close to the facility.  This is particularly true for the
western site, where the background and regional contribution tothe total mercury deposition are
lower.
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4. POPULATION EXPOSURE — FISH CONSUMPTION


4.1 Fish Consumption among the General U.S. Population


Fish bioaccumulate methylmercury through the freshwater aquatic and marine food-chains.
Mercury-contaminated phytoplankton and zooplankton are consumed by planktivorous fish (referred to in
other parts of this Volume at trophic level 3 fish).  Methylmercury is thought to bioaccumulate in this group
as well as in the piscivorous fish.  Both marine and freshwater fish bioaccumulate methylmercury in their
muscle tissue.  Consumption of these methylmercury-contaminated fish results in exposures to human
populations.  Additional data have become available between 1995 and 1997 that permit estimates of mercury
consumption from marine mammals and birds by populations living in the far Northern latitudes.


Consumption of fish is highly variable across the U.S. population unlike consumption of other
dietary components, such as bread or starch, that are almost ubiquitously consumed.  This chapter presents
an estimate of the magnitude of fish consumption in both the general U.S. population and in specific
subpopulations (e.g., children and women of child-bearing age).  This estimate identified the portion of the
population that consumes fish and shellfish.  It also provides estimates of species of fish consumed and the
quantity of fish consumed based on cross-sectional survey data.  Use of a national data base differentiates
data in this Chapter from site-specific assessments.  Data presented in this Chapter differ from site-specific
assessments in which consumption of contaminated local freshwater fish are included.


Inclusion of fish in the diet varies with geographic location, seasons of the year, ethnicity, and
personal food preferences.  Data on fish consumption have been calculated typically as either on “per capita”
or “per user” basis.  The former term is obtained by dividing the supply of fish across an entire population
to establish a “per capita” consumption rate.  The latter term divides the supply of fish across only the portion
of the population that consumes fish, providing “per user” rates of consumption.


Identifying differences in fish consumption rates for population groups can be achieved through
analysis of dietary survey data for the general United States population and specified subpopulations; e.g.,
some Native American tribes, recreational anglers, women of childbearing age, and children.  The United
States Department of Agriculture (USDA) has conducted a series of nationally-based dietary surveys,
including the 1977-1978 Nationwide Food Consumption Survey and the Continuing Surveys of Food Intake
by Individuals (CFSII) over the period 1989 through 1995 (CFSII 89-91; CSFII, 1994; CFSII, 1995).  In
addition, data from the third National Health and Nutrition Examination Survey (NHANES III), conducted
between 1988 and 1994, provide estimates of fish consumption patterns in the early 1990s.  Analyses of fish
consumption patterns among the general U.S. population and selected age/gender groupings are described
below.  Fish consumption rate data from specific Native American tribes and angling populations are
identified and used to corroborate the nationwide fish consumption data.  


4.1.1 Patterns of Fish Consumption


Although the consumption frequency of fish is low compared with staple foods such as grain
products, dietary intake of fish can be estimated from survey data.  The initial issue of how to estimate fish
consumption depends to a great extent on the choice of dietary assessment method.  Available techniques
include long-term dietary histories, questionnaires to identify typical food intake or short-term dietary recall
techniques and questionnaires on food frequency.  The first consideration is to obtain dietary information
that reflects typical fish consumption.  A true estimate of methylmercury intake from fish is complicated by
changes in fish intake over time, differences in species of fish consumed, variation in the methylmercury
concentration in a species of fish, and broad changes in the sources of fish entering the U.S. market place.
For example, increases in aquaculture or fishfarming and increased reliance on imported fish for domestic
consumption may affect consumption estimates.  Temporal variation in dietary patterns is an issue to
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consider in the evaluation of short-term recall/record data.  For epidemiological studies that seek to
understand the relationship of long-term dietary patterns to chronic disease, typical food intake is the relevant
parameter to evaluate (Willett, 1990).


Because methylmercury is a developmental toxin that may produce adverse effects following a
comparatively brief exposure period (i.e., a few months rather than decades), comparatively short-term
dietary patterns can have importance.  Consequently, estimation of recent patterns of methylmercury
consumption from fish is the relevant exposure for the health endpoint of concern.  Because it is not possible
to precisely identify the period of development during which mercury is likely to damage the nervous system
of the developing fetus or growing child, exposure of women of childbearing age or your children to mercury
via consumption of fish is a cause for concern.


This chapter describes the distribution of fish intakes for the general population and for
subpopulations defined by age or gender; e.g., women of child-bearing age.  Estimates of the number of
women who are pregnant in any given year are based on methods shown in Appendix B.  The analysis is not
intended to estimate fish consumption by an individual and relate it to an individual’s health outcomes.
Dietary questionnaires or dietary histories may identify broad patterns of fish consumption, but these
techniques provide less specific recollection of foods consumed such as the species of fish eaten.  Likewise
estimates of the quantity of fish consumed become less precise as the eating event becomes more remote in
time.  The selection of a dietary survey method to describe fish intakes by the subpopulation of interest
requires a balancing the specificity of information collected with the generalization of short-term dietary
patterns to longer-term food intakes.


After the appropriate period of fish intake is selected, the second area of concern becomes the
variation in the methylmercury concentrations of the fish consumed.  A central feature of food intake among
subjects with a free choice of foods is the day-to-day variability in foods consumed superimposed on an
underlying food intake pattern (Willett, 1990).  In epidemiology studies, an individual's true intake of a food
such as fish could be considered as the mean intake for a large number of days.  Collectively, the true intakes
by these individuals define a frequency distribution for the study population as a whole (Willett, 1990).  It
is rarely possible to measure a large number of days of dietary intake for individual subjects; consequently,
a sample of one or several days is used to represent the true intake (Willett, 1990).  The effect of this
sampling is to increase artifically the standard deviation, i.e.,  to broaden the tails of the distribution (Willett,
1990).  This results in estimates of intake that are both larger and smaller than the true long-term averages
for any subject.  Overall, authorities in nutritional epidemiology (among others see Willett, 1990) conclude
that "measurements of dietary intake based on a single or small number of 24-hour recalls per subject may
provide a reasonable (unbiased) estimate of the mean of a group, but the standard deviation will be greatly
overestimated."


Assessment of recent dietary intakes can be achieved through dietary records for various periods
(typically 7-day records or 3-day records) or dietary recall (typically 24-hour recalls or 3-day recalls) (among
others see Witschi, 1990).  Questions on food frequency in dietary histories can be used to estimate how
often a population consumes fish and shellfish.  Research is currently in progress to estimate usual intake
distributions that account for intake data of foods that are not consumed on a daily basis (among others see
Nusser et al. 1996).  In 1996, Nusser et al. published a statistical approach to estimating moderate-term (e.g.,
months) patterns of food consumption based on multiple 24-hour dietary recalls obtained from the same
individual.
  


Sources of error in short-term recalls and records affect all dietary survey methodologies.  These
include errors made by the respondent or recorder of dietary information as well as the interviewer or
reviewer.  Information used to calculate the intake of the chemical of interest is another source of error.   The
detection limit of the analyte, the frequency of zero and trace values, and how such values are managed can
statistically influence the accuracy of the mean mercury concentration for a fish species.  The third source
of error in dietary assessments is the data base used to calculate intakes of the chemical from the food
consumed, for example the data may no longer reflect current concentrations of the chemical in foods.
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The ability of the subject to remember the food consumed and in what quantities it was consumed
is central to these methods (among many others see Witschi, 1990).  In an analysis of data from the National
Health and Nutrition Evaluation Survey (NHANES), the largest source of error was uncertainty of subjects
about foods consumed on the recall day (Youland and Engle, 1976).  Fish consumption appears to be more
accurately remembered than most other food groups.  Karvetti and Knuts (1985) observed the actual intake
of 140 subjects and later interviewed them by 24-hour recall.  They found that fish was omitted from the
dietary recall less than 5% of the time and erroneously recalled approximately 7% of the time.  The validity
of 24-hour recalls for fish consumption was greater than all other food groups.  Interviewer and reviewer
errors can be reasonably predicted to be consistent for a given survey and unlikely to affect reporting of fish
consumption selectively.


4.1.1.1 Estimates of Fish Intake for Populations


Data on fish consumption have been calculated typically as either "per capita" or "per user".  The
former term is obtained by dividing the supply of fish across an entire population to establish a "per capita"
consumption rate.  The latter term divides the supply of fish across only the portion of the population that
consumes fish; i.e., "per user" rates of consumption.  


Survey methods can broadly be classified into longitudinal methods or cross-sectional surveys.
Typically long-term or longitudinal estimates of intake can be used to reflect patterns for individuals (e.g.,
dietary histories); or longitudinal estimates of moderate duration (e.g., month-long periods) for individuals
or groups.  Cross-sectional data are used to give a "snap shot" in time and are typically used to provide
information on the distribution of intakes for groups within the population of interest.  Cross-sectional data
typically are for 24-hour or 3-day sampling periods and consist of recall of foods consumed in response to
questioning by a trained interviewer, or they may be taken from written records of foods consumed.


During the past decade, reviewers of dietary survey methodology (for example, the Food and
Nutrition Board of the National Research Council/National Academy of Sciences; the Life Sciences Research
Office of the Federation of American Societies of Experimental Biology) have evaluated various techniques
with regard to their suitability for estimating exposure to contaminants and intake of nutrients.  The Food
and Nutrition Board of the National Research Council/National Academy of Sciences in their 1986
publication on Nutrient Adequacy Assessment Using Food Consumption Surveys noted that dietary intake
of an individual is not constant from day to day, but varies on a daily basis both in amount and in type of
foods eaten (intraindividual variation).  Variations between persons in their usual food intake averaged over
time is referred to as interindividual variation.  Among North American populations, the intraindividual
variation is usually considered to be as large as or greater than the interindividual variation.  Having
evaluated a number of data sets, the Academy's Subcommittee concluded that three days of observation may
be more than is required for the derivation of the distribution of usual intakes.


Major sources of data on dietary intake of fish used in preparing this Report to Congress are the
cross-sectional data from the USDA CSFII conducted from 1989 through 1995 (CSFII 89-91; CSFII 1994;
and CSFII 1995); on cross-sectional data from the NHANES III conducted between 1988 and 1994; and the
longer-term data on fish consumption based on recorded fish consumption for various numbers of one-month
periods of time during the years 1973-1974 by the National Purchase Diary (NPD 73-74) conducted by the
Market Research Corporation.  Longer-term data on fish consumption has also been obtained from questions
on frequency of fish consumption that were included in the NHANES III survey and in CSFII 1994 and CSFII
1995.  


Identifying differences in fish consumption rates for population groups can be achieved through
analysis of dietary survey data for the general U.S. population and specified subpopulations; e.g., some tribes
of Native Americans including Alaskan tribes, and recreational anglers.  The USDA has conducted a series
of nationally-based dietary surveys including the 1977-1978 Nationwide Food Consumption Survey and the
Continuing Surveys of Food Intake by Individuals over the period 1989 through 1991 (CSFII 89-91, CSFII
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1994, and CSFII 1995), as well as the National Center for Health Statistics stratified population based
examination survey conducted between 1988 and 1994 (NHANES III).  Analyses of fish consumption
patterns among the general U.S. population are described below.


4.1.1.2 Estimates of Month-Long Fish and Shellfish Consumption from Cross-sectional Data


The adverse developmental effects of methylmercury ingestion are closely associated with the
cumulative quantity of methylmercury consumed.  The period of development that is critical to the
expression of adverse developmental effects is not known with precision.  In humans, the critical exposure
period is thought to be comparatively short-term based on the methylmercury poisoning outbreak in Iraq and
various case reports of in utero methylmercury poisoning (see the Human Health and Risk Characterization
Volumes for additional information).  Consequently, it is important to be able to predict moderate-term
exposures from cross-sectional data on methylmercury exposure.


Estimates of a single day’s exposure to methylmercury can be calculated from 24-hour recall data.
The quantity of fish/shellfish (portion size) and species of fish/shellfish consumed by an individual over a
day can be used to calculate daily intake of fish/shellfish.  The 24-hour recall data describe portion size and
species of fish consumed.  By including the amount of mercury present in this amount of fish, an estimate
of mercury ingestion can be made.  This provides the distribution of mercury intakes for a 24-hour or 1-day
period.  Dividing total mercury intake per day by the person’s body weight permits calculation of µg
Hg/kgbw/day.   Ranking these estimates by increasing quantity permits identification of various percentiles;
e.g., 50th, 90th, 95th, etc.   These rankings are the basis for “per user” percentiles.


The projection of daily dietary exposure to methylmercury (i.e., µg/kgbw/day) to exposure for a
moderate period of time (e.g., months) has been a well-recognized complication of using dietary data.  If
multiple 24-hour recall data for an individual are available, Nusser et al. (1996) have described a statistical
method for projecting moderate-term dietary intakes.  Publication of this methodology is comparatively
recent and the computer software/hardware requirements for these statistical analyses are somewhat complex.
Consequently, another approach for projecting month-long fish/shellfish consumption and methylmercury
exposures was needed.


The number of days per month that an individual consumes methylmercury from diet can be
estimated from data on frequency of fish/shellfish consumption.  The NHANES III included questions on
how often per day/week/month, over the past 12-months, an individual consumed fish and shellfish.  These
data are described below (Section 4.1.2.2) for persons 12 years of age and older.  Children under 12 years-of-
age were not part of the respondents in NHANES III who were asked about frequency of fish and shellfish
consumption.  Accordingly, the authors of this report have made the simplif ying assumption that the
frequency of fish consumption for adults from the same ethnic, racial, and economic groups can be applied
to estimates of fish and shellfish intake for children.  Estimates of  mercury exposure based on a single day’s
intake (µg/kgbw/day) specific for individual child survey participants were available from the 24-hour recall
data in NHANES III.  These data and the adult’s frequency of fish consumption data were used to estimate
month-long projections of methylmercury exposures for children.


4.1.1.3 1973 and 1974 National Purchase Diary Data


The National Purchase Diary 1973-74 (NPD 73-74) data are based on a sample of 7,662 families
(25,165 individuals) out of 9,590 families sampled between September 1973 and August 1974 (SRI
International Contract Report to U.S. EPA, 1980; Rupp et al., 1980).  Available reports are not entirely clear
on how the subsample of 7,662 was chosen.  Fish consumption was based on questionnaires completed by
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 the female head of the household in which she recorded the date of any meal containing fish, the type of fish
(species), the packaging of the fish (canned, frozen, fresh, dried, or smoked, or eaten out), whether fresh fish
was recreationally caught or commercially purchased, the amount of fish prepared for the meal, the number
of servings consumed by each family member and any guests, and the amount of fish not consumed during
the meal.  Meals eaten both at home and away from home were recorded.  Ninety-four percent of the
respondents reported consuming seafood during the sampling period.


Use of these data to estimate intake of fish or mercury on a body weight basis is limited by the
following data gaps:


1. This survey did not include data on the quantity of fish represented by a serving and
information to calculate actual fish consumption from entries described as breaded fish or
fish mixed with other ingredients.  Portion size was estimated by using average portion size
for seafood from the USDA Handbook # 11, Table 10, page 40-41.  The average serving
sizes from this USDA source are shown in Table 4-1.


Table 4-1
Average Serving Size (gms) for Seafood from


USDA Handbook # 11 Used to Calculate
Fish Intake by FDA (1978)


Age Group Male Female
(years) Subjects Subjects


(gms) (gms)


0-1 20 20


1-5 66 66


6-11 95 95


12-17 131 100


18-54 158 125


55-75 159 130


Over 75 180 139


2. There may have been systematic under-recording of fish intake as it was noted that typical
intakes declined 30% between the first survey period and the last survey period among
persons who completed four survey diaries (Crispin-Smith et al., 1985).


3. There have been changes in the quantities and types of fish consumed between 1973-1974
and present.  The USDA (Putnam, 1991) indicated that, on average, fish consumption
increased 27% between 1970 to 1974 and 1990.  This increase is also noted by the National
Academy of Sciences in Seafood Safety (1991).  Whether or not this increase applies to the
highest percentiles of fish consumption (e.g., 95th or 99th percentile) was not described in
the USDA publication.


Changes in the types of fish consumed have been noted.  For example, Heuter et al. (1995)
noted that there is currently a much greater U.S. consumption of shark compared to past
decades.
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4. Although the NPD data with the sample weights were used to project these data to the
general U.S. population (SRI International under U.S. EPA Contract 68-01-3887), in 1980,
U.S. EPA was subsequently informed that the sample weights were not longer available.
Consequently, additional analyses with these data, in a manner than can be projected to the
general population, no longer appear to be possible.


5. Body weights of the individuals surveyed do not appear in published materials.  If body
weights of the individuals participating in this survey were recorded these data do not appear
to have been used in subsequent analyses. 


Data on fish consumption from the NPD 73-74 survey have been published by Rupp et al. (1980)
and analyzed by U.S. EPA's contractor SRI International (1980).  These data indicate that when a month-long
survey period is used, 94% of the surveyed population consumed fish.  The species of fish most commonly
consumed are shown in Table 4-2.


Table 4-2
Fish Species and Number of Persons Using the Species of Fish.


(Adapted from Rupp et al., 1980)


Category Number of Individuals Consuming Fish
Based on 24,652 Replies*


Tuna, light 16,817
Shrimp 5,808
Flounders 3,327
Not reported (or identified) 3,117
Perch (Marine) 2,519
Salmon 2,454
Clams 2,242
Cod 1,492
Pollock 1,466


* More than one species of fish may be eaten by an individual.


Rupp et al. (1980) also estimated quantities of fish and shellfish consumed by teenagers aged 12-18
years and by adults aged 18 to 98 years.  These data are shown in Table 4-3.  The distribution of fish
consumption for age groups that included women of child-bearing ages are shown in Table 4-4.


Table 4-3
Fish Consumption from the NPD 1973-1974 Survey


(Modified from Rupp et al., 1980)


Age Group 50th Percentile 90th Percentile 99th Percentile Maximum


Teenagers Aged 1.88 kg/year 8.66 kg/year 25.03 kg/year 62.12 kg/year
12-18 Years or 69 grams/day


Adults Aged 18 2.66 kg/year 14.53 kg/year 40.93 kg/year 167.20 kg/year
to 98 Years or 112 grams/day
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Table 4-4
Distribution of Fish Consumption for Females by Age*


Consumption Category (gms/day) (from SRI, 1980)


Age (years) 47.6-60.0 60.1-122.5 Over 122.5


10-19 0.2 0.4 0.0


20-29 0.9 0.9 0.0


30-39 1.9 1.7 0.1


40-49 3.4 2.1 0.2


*  The percentage of females in an age bracket who consume, on average, a specified amount  (grams) of fish per day.
The calculations in this table were based upon the respondents to the NPD survey who consumed fish in the month of
the survey.  The NPD Research estimates that these respondents represent, on a weighted basis, 94.0% of the population
of U.S. residents (from Table 6, SRI Report, 1980).


4.1.1.4 Nationwide Food Consumption Survey of 1977-78


Fish consumption is not evenly divided across the U.S. population.  Analysis of patterns of fish
consumption have been performed on data obtained from dietary surveys of nationally representative
populations.  For example, Crochetti and Guthrie (1982) analyzed the food consumption patterns of persons
who participated in the Nationwide Food Consumption Survey of 1977-78.  Populations specifically excluded
from this analysis were children under four years of age, pregnant and nursing women, vegetarians,
individuals categorized by race as "other" (i.e., not "white" and not "black"), individuals not related to other
members of the household in which they lived, and individuals with incomplete records.  After these
exclusions, the study population consisted on 24,085 individual dietary records for a 3-day period. 


Persons reporting consumption of fish, shellfish, and seafood at least once in their 3-day dietary
record were categorized as fish consumers.  Combinations of fish, shellfish, or seafood with vegetables
and/or starches (e.g., rice, pasta) or fish sandwiches were categorized as consumers of fish "combinations".
Among the overall population, 25.0% of respondents reported consumption of fish with an additional 9.6%
reporting consumption of fish "combinations" in the 3-day period for a total of 34.6% reporting consumption
of fish and/or fish combinations.  Frequency of consumption was comparable for male and female
respondents with 24.1% of men and 25.7% of women reporting consumption of fish in their 3-day dietary
records.  Fish "combinations" were reported as dietary items by 11.2% of women and 9.9% of men.  Both
these food categories were consumed typically as mid-day and evening meals, rather than as breakfast or as
snacks.  For persons who listed fish in their 3-day dietary records, 89.7% listed fish in one meal only with
10.1% of respondents consuming fish in two meals and 0.1% consuming fish in three meals.  For dishes that
combined fish and other foods (i.e., fish "combinations"), among persons who reported eating fish
combinations, 93.4% reported this food in one meal only with 6.5% of individuals consuming two meals
containing fish "combinations."


There appears to be little difference between men and women in their likelihood of consuming fish
based on patterns observed in this national survey (Crochetti and Guthrie, 1982).  Based on this analysis,
allocation of fish consumption on a "per capita" basis does not adequately reflect the fish consumption
patterns of the general population of the United States.  While "per capita" estimates resulted in an
overestimate of fish consumption for the approximately 65% of the U.S. population who did not report
consuming fish, these types of estimates by their nature substantially underestimated fish consumption rates
by persons who consume fish.  This pattern of underestimation is important in an assessment of impact of
infrequently consumed foods such as fish.
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4.1.1.5 CSFII 1989-1991


The second set of nation-wide data (CSFII 89-91) are presented in Table 4-5, including an age/gender
analysis of the fish-consuming population.  Based on analysis of 11,706 respondents who supplied 3-days
of dietary record in the CSFII of 1989-1991, the frequency of fish consumption within the 3-day period was
determined.  Analyses of these dietary records indicate that 30.9% of respondents consumed fish, either alone
or as part of a dish that contained fish.  Most respondents eating fish consumed one fish meal within the 3-
day period.  Two percent (2%) of respondents reported consuming fish two or more times during the 3-day
period, and 0.5% of these fish-eating respondents reported fish consumption three or more times during the
3-day study period.  Among persons who reported eating fish within the 3-day period of the survey, 44.1%
reported eating marine finfish (other than or in addition to tuna, shark, barracuda, and swordfish).  Marine
finfish were more frequently consumed than freshwater fish.  Of the 1593 people who reported eating finfish,
492 (30.9%) identified these as freshwater fish.    


Table 4-5
CSFII 89-91 Data


Gender Aged 14 Years Aged 15 through Aged 45 Years Total for All Age
or Younger 44 Years or Older Groups


Number of Individuals With 3 Days of Dietary Records


Males 1497 (51.7%) 2131 (42.9%) 1537 (40.0%) 5,165 (44.1%)


Females 1396 (48.3%) 2837 (57.1%) 2308 (60.0%) 6,541 (55.9%)


Total 2893 (24.7%) 4968 (42.4%) 3845 (32.8%) 11,706


Respondents Reporting Consumption of All Fish and Shellfish
(Data weighted to be representative of the U.S. population.)


Males    380 (52.8%)     646 (42.8%)    556 (39.3%)    1582 (43.8%)


Females    340 (47.2%)     864 (57.2%)    828 (58.5%)    2032 (56.2%)


Total    720 (19.9%)    1510 (41.8%)   1415 (39.2%)    3614 (30.9%)


4.1.1.6 CSFII 1994 and CSFII 1995


Analyses in 1994 were based on 5296 respondents on day 1 and 5293 respondents on day 2.  A
change in survey methods resulted in food consumption data being collected for two days rather than for
three days as in the 1989-91 survey.  Dietary records included fish or shellfish for 598 individuals on day 1
and 596 individuals for day 2.  These days were not necessarily sequential.  Fish/shellfish consumption by
age and gender categories for CSFII 1994 and CSFII 1995 are shown in Tables 4-6 and 4-7, respectively.
Overall, 11.3% of respondents reported fish or shellfish consumption.  The rate was lower among children
under 15 years of age and higher among adults aged 45 years and older.
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Table 4-6
CSFII 1994 Data — Days 1 and 2


Gender Aged 14 Years Aged 15 Aged 15 and Total for All
or Younger through 44 Older Age Groups


Number of Individuals with Dietary Recalls — Day 1


Males 932 852 869 2653


Females 942 842 859 2643


Total 1874 1694 1728 5296


% consumption fish 7.9 10.9 15.4 11.3


Respondents Reporting Consumption of All Fish and Shellfish — Day 1


Males 65 90 138 293


Females 83 94 128 305


Total 148 184 266 598


Number of Individuals with Dietary Recalls — Day 2*


Males 993 852 868 2653


Females 941 840 859 2640


Total 1874 1692 1727 5293


% consumption fish 8.6 10.2 15.1 11.3


Respondents Reporting Consumption of All Fish and Shellfish — Day 2


Males 74 86 132 292


Females 88 87 129 304


Total 162 173 261 596
*Methodology changes based on two 24-hour recalls, not necessarily sequential.


To assess whether or not there were seasonal differences in fish and shellfish consumption, the
year was divided into six two-month intervals.  Fish intake data was analyzed by season.  These values
are shown in Table 4-8.
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Table 4-7
CSFII 1995 Data — Days 1 and 2


Gender Aged 14 Years Aged 15 through Aged 15 and Total for All Age
or Younger 44 Older Groups


Number of Individuals with Dietary Recalls — Day 1


Males 863 649 1,067 2,579


Females 808 635 1,041 2,484


Total 1,671 1,284 2,108 5,063


% Consuming
Fish


7.5 11.7 15.4 11.9


Respondents Reporting Consumption of All Fish and Shellfish — Day 1


Males 63 77 170 310


Females 63 73 155 291


Total 126 150 325 601


Number of Individuals with Dietary Recalls — Day 2


Males 862 648 1,067 2,577


Females 809 634 1,042 2,485


Total 1,671 1,282 2,109 5,062


% Consuming
Fish


8.8 12.9 14.5 12.2


Respondents Reporting Consumption of All Fish and Shellfish — Day 2


Males 81 82 168 331


Females 67 84 138 289


Total 148 166 306 620


Table 4-8
Fish Consumption (gms) by Season for Respondents Reporting Seafood Consumption


CFSII 1994 — Day 1


Statistics Season


Jan/Feb Mar/Apr May/Jun Jul/Aug Sep/Oct Nov/Dec


 Mean 102 92 92 107 100 105


Std. Dev* 74 74 82 87 77 77


Minimum 2 1 2 1 2 2


Maximum 373 488 960 903 413 517







Table 4-8 (continued)
Fish Consumption (grams) by Season for Respondents Reporting Seafood Consumption


CFS II 1994 — Day 1


Statistics Season


Jan/Feb Mar/Apr May/Jun Jul/Aug Sep/Oct Nov/Dec


Although children are oversampled in the survey design, not all assessmsents were carried out among1


young children.  For example, 24-hour dietary recall data were obtained for children, however, frequency of fish
consumption information was not obtained.
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Percentiles


5th 14 10 22 21 12 14


10th 28 19 28 28 23 24


25th 50 51 42 53 49 48


Median 86 73 57 85 79 85


75th 114 123 118 139 129 165


90th 202 173 190 196 204 189


95th 293 227 295 272 253 235


Observations 183 219 210 242 191 163


Sum of Weights (000s) 10,197 11,383 11,817 11,506 9,573 9,113


* The values in these cells are the weighted standard deviations of the individual observations.  Estimates
of the standard errors of the means were not calculated.


4.1.1.7 NHANES III General Description


The NHANES III, conducted between 1988 and 1994, used a multistage probability design that
involved selection of primary sampling units, segments (clusters of households) within these units,
households, eligible persons, and finally sample persons.  Primary sampling units typically were
composed of a county or group of contiguous counties.  Certain subgroups in the population that were of
special interest for nutritional assessment were oversampled: preschool children (six months through five
years old) , persons 60 through 74 years old, and the poor (persons living in areas defined as poor by the1


United States Bureau of the Census for the 1990 census).  The U.S. Bureau of the Census selected the
NHANES III sample according to rigorous specifications from the National Center for Health Statistics
so that the probability of selection for each person in the sample could be determined.


The statistics presented in the report are population estimates.  The findings for each person in
the sample were inflated by the reciprocal of selection probabilities, adjusted to account for persons who
were not examined, and stratified afterward according to race, sex and age, so that the final weighted
population estimates closely approximated the civilian noninstitutionalized population of the United
States as estimated independently by the U.S. Bureau of the Census at the midpoint of the survey, March
1, 1990.
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Although NHANES III was conducted between 1988 and 1994, data on food consumption only
became available in 1996.  The survey includes one 24-hour recall obtained by a trained interviewer. 
This data base contains 29,973 dietary records including 3864 individuals who consumed fish and
shellfish (Table 4-9).  Consumption of fish differed by age.  Overall 12.9% of respondents included fish
or shellfish in their 24-hour dietary recall.  As observed in CSFII 1994, the data among children aged 14
years and younger was about half the percentages of fish consumption for ages 45 and older (Tables 4-10
and 4-11).  There were questions on frequency of fish/shellfish consumption in the CSFII 1994 and
CSFII 1995 data bases; however, the specific information obtained excluded canned fish.  Consequently,
these data were not used to estimate month-long fish consumption.  The 24-hour recall data were
analyzed for both children and adults.


Table 4-9
All Age Groups NHANES III


Ages 14 and Ages 15 Ages 45 and Total
Younger through 44 Older


Years


Total 12,048 10,041 7,884 29,973


Fish Consumption 1060 1527 1274 3861


% Consumption Fish 8.8 15.2 16.2 12.9


Table 4-10
NHANES III Adult Respondents


Gender Ages 15 to 44 Age 45 Years Total for All Age
Years and Older Groups


Total Respondents


Males 4,620 3,783 8,403


Females 5,421 4,101 9,522


Total 10,041 7,884 29,989


Respondents Reporting Fish Consumption


Males 664 605 1269


Females 883 645 1528


Total 1527 1274 2801
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Table 4-11
NHANES III Child Respondents


Age Group Total Fish Consumers % Reporting Fish


1-5 Years 7595 626 8.2


6-11 Years 3217 323 10.0


12-14 Years Female 660 58 8.8


12-14 Years Male 576 53 9.2


Total 12,048 1060 8.8


4.1.2 Frequency of Consumption of Fish Based on Surveys of Individuals 


4.1.2.1 CSFII 1989-1991


In the USDA 1989 through 1991 Continuing Surveys of Food Intake by Individuals (CSFII 89-
91), food consumption data were obtained from nationally representative samples of individuals.  These
surveys included women of child-bearing age — 15 through 44 years of age.  Data from the CSFII for the
period including 1989 and 1991 were used to calculate fish intake by the general population and women
of child-bearing age.  This subpopulation included pregnant women, which are a subpopulation of
interest in the Mercury Study:  Report to Congress, because of the potential developmental toxicity to the
fetus accompanying ingestion of methylmercury.  Analysis of Vital and Health Statistics data from 1990
indicated that 9.5% of women in this age group can be predicted to be pregnant in a given year.  The size
of this population has been estimated using the methodology described in the Addendum to this chapter,
entitled "Estimated National and Regional Populations of United States Women of Child-Bearing Age."


The data described in this section were obtained from nationally representative samples of
individuals and were weighted to reflect the U.S. population using the sampling weights provided by
USDA.  The basic survey was designed to provide a multistage stratified area probability sample
representative of the 48 conterminous states.  Weighting for the 1989, 1990 and 1991 data sets was done
in two stages.  In the first phase a fundamental sampling weight (the inverse of the probability of
selection) was computed and the responding weight (the inverse of the probability of selection) was
computed for each responding household.  This fundamental sampling weight was then adjusted to
account for non-response at the area segment level.  The second phase of computations used the weights
produced in the first phase as the starting point of a reweighing process that used regression techniques to
calibrate the sample to match characteristics thought to be correlated with eating behavior.


The weights used in this analysis reflect CSFII individuals providing intakes for three days. 
Weights for the 3-day individual intake sample were constructed separately for each of the three gender-
age groups:  males ages 20 and over, females ages 20 and over and persons aged less than 20 years. 
Characteristics used in weight construction included day of the week, month of the year, region,
urbanization, income as a percent of poverty, food stamp use, home ownership, household composition,
race, ethnicity and age of the individual.  The individual's employment status for the previous week was
used for persons ages 20 and older, and the employment status of the female head of household was used
for individuals less than 20 years of age.  The end result of this dual weighting process was to provide
consumption estimates which are representative of the U.S. population.


Respondents were drawn from stratified area probability samples of noninstitutionalized U.S.
households.  Survey respondents were surveyed across all four seasons of the year, and data were
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obtained across all seven days of the week.  The dietary assessment methodology consisted of assessment
of three consecutive days of food intake, measured through one 24-hour-recall and two 1-day food
records.  For this analysis, the sample was limited to those individuals who provided records or recalls of
three days of dietary intake.


For purposes of interpretability, it should be noted that assessment of fish consumption patterns
by recall/record assessment methods will probably differ from assessments based on food frequency
methods (See Section 4.1.2.3, below).  In order to be designated a consumer or "user" of fish for
purposes of the present analysis, an individual would need to have reported consumption of one or more
fish/shellfish products at some time during the three days when dietary intake was assessed.  Since fish is
not a frequently consumed food for the majority of individuals, this dietary assessment method will likely
underestimate the extent of fish consumption, because some individuals who normally consume fish will
be missed if they did not consume fish during the three days of assessment.  In contrast, such users would
be picked up by a food frequency questionnaire.  The recall/record dietary assessment method does have
the advantage, however, of providing more precise estimates of the quantities of fish consumed that
would be obtained with a food frequency record.


The information that follows comes from the CSFII 1989-1991 and was provided under contract
to U.S. EPA by Dr. Pamela Haines of the Department of Nutrition of the University of North Carolina
School of Public Health.  Data are presented for following groups of individuals surveyed by USDA in
the CSFII:  data for the total population, data grouped by gender, and for data grouped by age-gender
categories for the age groups 14 years or younger, 15 through 44 years, and 45 years and older (Table 4-
5).


Fish consumption was defined to reflect consumption of approximately 250 individual "Fish
only" food codes and approximately 165 "Mixed dish-fish" food codes present in the 1994 version of the
USDA food composition tables.  The USDA maintains a data base (called the "Recipe File") that
describes all food ingredients that are part of a particular food.  Through consultation with Dr. Betty
Perloff, an USDA expert in the USDA recipe file, and Dr. Jacob Exler, an USDA expert in food
composition, the USDA recipe file was searched for food codes containing fish or shellfish.  The recipe
was then scanned to determine fish codes that were present in the recipe reported as consumed by the
survey respondent.  The percent of the recipe that was fish by weight was determined by dividing the
weight of the fish/shellfish in the dish by the total weight of the dish.


As with most dietary assessment studies, multiple days of intake were averaged to reflect usual
dietary intake better.  Intakes reported over the three-day period were summed and then divided by three
to provide consumption estimates on a per person, per day basis.


Fish consumption was defined within the following categories.


1. Fish and Shellfish, all types reflected consumption of any fish food code.
2. Marine Finfish, included fish not further specified (e.g., tuna) and processed fish sticks,


as well as anchovy, cod, croaker, eel, flounder, haddock, hake, herring, mackerel, mullet,
ocean perch, pompano, porgy, ray, salmon, sardines, sea bass, skate, smelt, sturgeon,
whiting.


3. Marine Shellfish included abalone, clams, crab, crayfish, lobster, mussels, oysters,
scallops, shrimp and snails.


4. Tuna, contained only tuna.
5. Shark, Barracuda, and Swordfish contained just these three species of fish.
6. Freshwater Fish contained carp, catfish, perch, pike, trout and bass.


The analysis was stratified to reflect "per capita" (Table 4-12), as well as "per user" (Table 4-13),
consumption patterns.  A "consumer" of Fish and Shellfish, all types was one who consumed any of the
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included fish only or mixed-fish dish foods.  A Marine Finfish consumer was one who consumed any of
the species of fish included within the marine finfish category, and so on for each category.  The percent
of the population or subpopulation consuming fish was listed for the entire population, as well as gender
specific values, and age-gender category specific values.


Table 4-12
Consumption of Fish and Shellfish (gms/day), and Self-Reported Body Weight (kg)


in  Respondents of the 1989-1991 CSFII Survey.
"Per Capita" Data for All Survey Respondents


(Data are weighted to be representative of the U.S. population.)


Gender Aged 14 Years or Aged 15 through Aged 45 Years or Total
Younger 44 Years Older


Mean SD kg Mean SD kg Mean SD Kg Mean SD kgbw bw bw bw


Males 9 20  26 19 35  73 20 36  90 17 33  68


Females 8 18  24 14 28  63 18 30  67 14 27  58 


Table 4-13
Consumption of Fish and Shellfish (gms/day), and


Self-Reported Body Weight (kg) in  Respondents of the 1989-1991 CSFII Survey
(Data for "Users" Only. Data are weighted to be representative of the U.S. population.)


Gender Aged 14 Years or Aged 15 through Aged 45 Years or Total
Younger 44 Years Older


Mean SD kg Mean SD kg Mean SD Kg Mean SD kgbw bw bw bw


Males 32 27 28 54 39 80 51 42 83 49 39 59


Females 29 24 24 41 35 63 42 34 68 40 33 54


 Consumption of fish-only and mixed-fish-dishes was summed across the three available days of
dietary intake data.  This sum was then divided by three to create average per day fish consumption
figures.  In the tables that describe fish intake, information is presented on sample size, percent of the
population who consumed any product within the specified fish category, the mean grams consumed per
day and the mean grams consumed per kilogram body weight (based on self-reported body weights),
standard deviation, minimum, maximum, and the population intake levels at the 5th, 25th, 50th (median),
75th, and 95th percentiles of the intake distribution for each age-gender category.  The means and
standard deviations were determined using a SAS program.  Survey sample weights were applied. 
Analysis with SAS does not take design effects into account, so the estimates of variance may differ from
those obtained if SUDAAN or such packages had been used.  It should be noted, however, that the point
estimates of consumption (grams per consumer per day, grams per consumer per kilogram of body
weight) will be exactly the same between the two statistical analysis packages.  Thus, the point estimates
reported are accurate and appropriate for interpretation on a national level.  


Data were obtained for 11,706 individuals reporting 3-days of diet in the 1989-1991 CSFII
survey.  Analyses were based on data weighted through statistical procedures (as described previously) to
be representative of the U.S. population.  The total group of respondents reporting consumption of finfish
and/or shellfish during the 3-day period were grouped as a subpopulation who consumed fish, as can be
observed in Table 4-13.  Fish and shellfish (total fish consumption) were reported to be eaten by 3614
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persons (30.9%) of the 11,706 of the survey respondents (see Tables 4-12 and 4-13). The subpopulation
considered to be of greatest interest in this Mercury Study: Report to Congress were women of child-
bearing age (15 through 44 year-old females).  Among this group of women ages 15 through 44 years,
864 women of the 2837 surveyed (30.5%) reported consuming fish (see Tables 4-12 and 4-13).  Within
this group, 334 women reported consumption of finfish during the 3-day survey period. 


Consumption of fish and shellfish varied by species of fish.  Overall, marine finfish (not
including tuna, swordfish, barracuda, and shark) and tuna were consumed by more individuals and in
greater quantity than were shellfish.  Tuna fish was the most frequently consumed fish product, and
separate tables are provided that identify quantity of tuna fish consumed.  Two other categories of finfish
were identified:  freshwater fish and a category comprised of swordfish, barracuda, and shark. 
Freshwater fish were of interest because U.S. EPA's analysis of the fate and transport of ambient,
anthropogenic mercury emissions from sources of concern in this report indicates that fish may
bioaccumulate emitted mercury.  Swordfish, barracuda, and shark were also identified as a separate
category.  These are predatory, highly migratory species that spend much of their lives at the high end of
marine food web.  These fish are large and accumulate higher concentrations of mercury than do lower
trophic level, smaller fish.  


4.1.2.2 Estimated Frequency of Fish/shellfish Consumption Based on Food Frequency Questions
in CSFII 1994 and NHANES III


Both surveys included questions on frequency of consumption of fish and shellfish.  The specific
wording of the questions are shown in the box.  The wording of CSFII 1994 separated canned fish from
fish making it difficult to provide an overall estimate of fish consumption because no separate question
addressed frequency of consumption of canned fish.  The CSFII survey also provided a separate question
on whether of not any of the fish the respondent ate was caught by the respondent or someone known to
the respondent.  Among those respondents who ate non-canned fish during the past 12-month period
(84.1% of respondents), 37.5% indicated that they had consumed fish caught by themselves or a person
known to them.  Shellfish were reported to have been consumed by 62.2% of respondents during the past
12-month period.
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Fish Consumption Survey Questions 


CFSII 1994


During the past 12 months, that is, since last (NAME OF MONTH), (have you/has NAME) eaten any
(FOOD) in any form?


Yes No
Shellfish . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . .  1  2
Fish, other than shellfish or canned fish  . . . . . . . . . . .   1  2
  IF YES: Was any of the fish you ate caught by you or 
  someone you know? . . . . . . . . . . . . . . . . . . . . . . . . .  1  2


NHANES III


N2.  MAIN DISHES, MEAT, FISH, CHICKEN, AND EGGS
Times Day Week Month Never or DK


g.  Shrimp, clams, oysters, 
     crabs, and lobster ____ per 1�D 2�W 3�M 4�N or 9�DK


h.  Fish including fillets, fish sticks
     fish sandwiches, and tuna fish ___ per 1�D 2�W 3�M 4�N or 9�DK


In the CSFII 1994 survey, subjects who consumed fish other than shellfish or canned fish were to
select the answer “yes.”  Because canned fish (e.g., tuna, sardines) represent major food items, a portion
of the fish consumers would indicate they were nonconsumers if they ate canned fish only. 
Consequently, using the results from the CSFII 1994 question would underestimate the frequency of
consumption of fish. 


NHANES III included two questions on fish and shellfish consumption as part of the household
interview portion of the survey.  The specific format and wording are shown below.  Questions N2g and
N2h addressed shrimp/shellfish and fish separately.  Respondents were asked to indicate their frequency
of consumption: never, or how often daily, weekly, or monthly they consumed shrimp/shellfish (g) or fish
(h).  Analyses of data from these questions provided the estimates of frequency of fish and shellfish
consumption shown in Table 4-14.


Table 4-14
Frequency of Fish/Shellfish Ingestion and Percent of Respondents*


(NHANES III, Food Frequency Questionnaire, Weighted Data)


Number of times All Adults Women Aged Men Aged Women Aged 45 Men Aged 45
per month 15 — 44 Years 15 —44 Years Years and Older Years and Older


0 12 14 11 11 9


1 or more 88 86 89 89 91


2 or more 79 78 81 80 83


4 or more 58 56 58 61 63


8 or more 23 25 29 30 31


12 or more 13 12 14 15 14


24 or more 3 3 3 2 3


30 or more 1 2 2 1 2


*Adult subjects only.  Food frequency data were not collected for children ages 11 and younger.
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Frequency of fish and shellfish consumption data have also been calculated by ethnic/racial
grouping.  The groups were: Non-Hispanic whites (“Whites”), Non-Hispanic blacks (“Blacks”) and
persons designated as “Other” who included persons of Asian/Pacific Islander ethinicity, Native
Americans, Non-Mexican Hispanics (predominately persons from Puerto Rica and other Carribean
Islands), and additional groups not in the categories “Whites” or “Blacks”.  Food frequency data for these
groups is shown in Tables 4-15 and 4-16.


Table 4-15a
Frequency of Fish and Shellfish Consumption by Percent among  


All Adults, Both Genders, Weighted Data, NHANES III*
(Estimated Frequency Per Month)


Frequency per Month White Black Other


Zero 11.8 11.3 15.1


Once a Month or More 88.2 88.7 84.9


Once a Week or More 57.1 63.5 60.3


Twice a Week or More 25.9 31.9 31.2


Three-Times a Week or More 11.6 15.0 22.9


Approximately Daily (6  Times 1.9 3.3 8.9
Per Week)


* Adult subjects only.  Food frequency data were not collected for children aged 11 years and younger.


Table 4-15b
Frequency of Fish and Shellfish Consumption by Race/Ethnicity,  


Women Aged 15-44 Years, Weighted Data, NHANES III
(Estimated Frequency Per Month)


Frequency per Month White Black Other


Zero 13.2 10.1 19.1


Once a Month or More 86.8 89.9 80.9


Once a Week or More 54.5 62.8 59.3


Twice a Week or More 22.0 31.7 35.6


Three-Times a Week or More 9.5 15.9 22.7


Approximately Daily (6 Times 1.7 3.2 9.2
Per Week)
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Table 4-16a
Distribution of the Frequency of Fish and Shellfish Consumption by Race/Ethnicity


All Adults, Both Genders, Weighted Data, NHANES III


Percentile Whites Blacks Other


50th 4 4 5


75th 8 8 10


90th 13 13 22


95th 17 19 32


Table 4-16b
Distribution of the Frequency of Fish and Shellfish Consumption By Race/Ethnicity


Among Adult Women Aged 15-44, Weighted Data, NHANES III


Percentile Whites Blacks Other


50th 4 4 5


75th 7 8 10


90th 11 14 23


95th 15 20 31


Overall 88% of all adults consume fish and shellfish at least once a month with 58% of adults
consuming fish at least once a week.  Between 13% and 23% consume fish/shellfish two or three times
per week.  An estimated 3% indicate they consume fish and shellfish six times a week with 1% of all
respondents indicating they eat fish and shellfish daily.  Comparatively small differences exist based on
age and gender of adults.  Two percent of women of reproductive age and 2% of men in the age range 15
through 44 years indicate they consume fish/shellfish daily.


Among diverse subpopulations those designated as “Other” consume fish and shellfish more
frequently than do individuals in groups identified as “White” and “Black”.  In the “Other” category 5%
of individuals consume fish and shellfish daily (95th percentile value).  Approximately 10% of the
subpopulation of “Whites” consume fish and shellfish three-times or more per week with approximately
23% of persons in the “Other” classification consuming fish and shellfish three-times a week or more.  


4.1.2.3 Frequency of Consumption of Various Fish Species by Respondents in NHANES III


Grouping of fish and shellfish species by habitat (i.e., freshwater, estuarine, and marine) was
done based on an organization developed by US EPA’s Office of Water.  Table 4-17 shows which
species were grouped into these three habitat categories.
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Table 4-17
Classification of Fish Species by Habitat*


Marine Estuarine Freshwater


Abalone Anchovy Carp
Barracuda Clams (8%) Catfish
Clams (92%) Crab (46%) Pike
Cod Croaker Salmon (1%)
Crab (54%) Flatfish (29%) Trout
Flatfish (71%) Flounder
Haddock Herring
Halibut Mullet
Lobster Oyster
Mackerel Perch
Mussels Scallop (1%)
Ocean Perch Scup
Octopus Shrimp
Pollock Smelts
Pompano Sturgeon
Porgy
Salmon (99%)
Sardine
Scallop (99%)
Sea Bass
Seafood (e.g., fish sauce)
Shark
Snapper
Swordfish
Sole
Squid
Tuna
Whitefish
Whiting


*Unprocessed fish (Food Codes 2815061 and 2815065) were not classified by habitat.


Mean consumption rates for only males and females who reported consuming fish/shellfish in the
NHANES III data set are shown in Table 4-18.  Consumption rates for species grouped as marine,
estuarine, and freshwater are shown in Table 4-19.  Marine fish are the most frequently consumed
followed by estuarine and freshwater fish.  However, when freshwater fish are consumed the portion size
is larger than for marine or estuarine fish.  Males consumed larger portions of any of the fish groups than
did female subjects.
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Table 4-18
Weighted Estimates of Fish and Shellfish Consumed (gms) for Females and Males Aged 15 - 44


Years Reported in NHANES III (Per User)


Statistic Females Males


Mean 103 146


Standard Deviation 116 149


Minimum 1 1


Maximum 117 1097


Percentiles


5th 12 14


10th 20 28


25th 37 51


Median 73 97


75th 131 185


90th 228 345


95th 288 435


Observations 883 645


Sum of Weights (000s) 1,162 9,223


Table 4-19
Weighted Estimates for Fish and Shellfish Consumed (gms) by Female and Male Respondents


Aged 15 - 44 Years Reported in the NHANES III Survey by Habitat of Species Consumed


Statistic Marine Fish Estuarine Fish Freshwater Fish 


Females Males Females Males Females Males


Mean 86 113 69 122 158 274


Std. Dev 86 122 64 131 138 268


Minimum 0 0 0 0 7 14


Maximum 957 1004 517 981 740 1097


Percentiles


5th 8 1 8 5 13 42


10th 14 12 9 8 26 42


25th 37 44 22 29 50 123


Median 55 84 47 64 127 185


75th 109 153 101 175 235 313


90th 209 204 168 355 330 617


95th 247 351 202 357 330 929







Table 4-19 (continued)
Weighted Estimates for Fish and Shellfish Consumed (gms) by Female and Male Respondents


Aged 15 - 44 Years Reported in the NHANES III Survey by Habitat of Species Consumed


Statistic Marine Fish Estuarine Fish Freshwater Fish 


Females Males Females Males Females Males
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Observations 519 387 221 198 82 60


Sum of Weights (000s) 6,457 5,999 2,653 2,477 516 588


4.1.3 Subpopulations with Potentially Higher Consumption Rates


The purpose of this section is to document fish consumption rates among U.S. subpopulations
thought to have higher rates of fish consumption.  These subpopulations include residents of the States of
Alaska and Hawaii, Native American Tribes, Asian/Pacific Island ethnic groups, anglers, and children;
these groups were selected for analysis because of potentially elevated fish consumption rates rather than
because they were thought to have a high innate sensitivity to methylmercury.  The presented estimates
are the results of fish consumption surveys conducted on the specific populations.  The surveys use
several different techniques and illustrate a broad range of consumption rates among these
subpopulations.  In several studies the fish consumption rates of the subpopulations corroborate the high-
end (90th percentile and above) fish consumption estimates of the the nationwide food consumption
surveys.


Many of the surveys of fish consumption conducted on high-end fish consumers also included
analyses for mercury in hair and blood of the people who were subjects.  These data on biological
monitoring provide an additional bases to estimate mercury exposure.


4.1.3.1 Subpopulations Included in Nationally Representative Food Consumption Surveys


Contemporary food consumption surveys designed to be representative of the U.S. population as
a whole included identifiers for ethnically diverse subpopulations.  Publicly available data from the
NHANES III combined three subpopulations of interest with regard to level of fish consumption:
Asian/Pacific origin, Native American  origin, and others.  By contrast, the CSFII 1994 and CSFII 1995
surveys provided separate estimates for identified ethnic subpopulations: white, black, Asian and Pacific
Islander, Native American and Alaskan Native, and other (see Figure 4-1).


 The 50th, 90th and 95th percentiles for all survey participants in CSFII 1994 and CSFII 1995 for
“Day 1" and “Day 2" recall data are shown in Table 4-20.  The number of 24-hour recall food
consumption reports for each group is noted in the table food note.  Data are presented for both “per
capita” and “per user.”   The subpopulation self-designated as “white” has the smallest intake of
fish/shellfish and mercury at the 50th percentile.  “Blacks” have higher levels of intake and Asian and
Pacific Islanders have the highest intake of fish/shellfish.  Similar patterns are observed at the 90th and
95th percentile.


If the data are calculated for only those persons who reported consuming fish and shellfish, a
somewhat different pattern emerges.  A median intake of fish/shellfish is the lowest among Asian and
Pacific Islanders, intermediate among “whites” and highest among “blacks.”  The number of observations
among Native Americans and Alaska Natives are too small to produce reliable estimates.  
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Figure 4-1
Distribution of Fish Consumption Rates of Various Populations
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Table 4-20
Consumption of Fish and Shellfish (gms/day) among Ethnically Diverse Groups


(Source: CSFII 1994 and CSFII 1995)


Ethnic Group Fish Consumption (grams/day)


Per Capita Per User1 2


White
   50th Percentile
   90th Percentile
   95th Percentile 80 243


Zero 72
24 192


Black
   50th Percentile
   90th Percentile
   95th Percentile 104 302


Zero 82
48 228


Asian and Pacific Islander
   50th Percentile
   90th Percentile
   95th Percentile 127 292


Zero 62
80 189


Native American and Alaska Native
   50th Percentile
   90th Percentile Zero of small numbers of
   95th Percentile


Zero Estimate not made because


56 respondents.    


Other
   50th Percentile
   90th Percentile
   95th Percentile


Zero 83
Zero 294
62 327


Total number of 24-hour food consumption recall reports: White (16,241); Black (2,580); Asian and1


Pacific Islander (532); Native American and Alaska Native (166): and Other (1,195).
 Number of 24-hour food consumption recall reports: White (1,821); Black (329); Asian and Pacific2


Islander (155); Native American and Alaska Native (12); and Other (98).


4.1.3.2 Specialized Surveys


During the past decade, data describing the quantities of fish consumed by angler, economically
subsistent, and North American Tribal groups have been published (Tables 4-23 and 4-30).  
Subpopulations of particular concern because of exposure patterns are Native Americans, sport anglers,
the urban poor, and children.  Data on fish consumption for these groups indicate that exposures for these
subgroups exceed those of the general population of adults.  If North American data, including those
from Canada, are considered, mercury exposures from the marine food web (especially if marine
mammals are consumed) exceed limits such as the Tolerable Daily Intake established by Health Canada
(Chan, 1997) and the Acceptable Daily Intake established by the U.S. Food and Drug Administration.


The data cited below on specific subpopulations are not utilized in this Report as the basis of a
site-specific assessment.  In a site-specific assessment the fish consumption rates among a surveyed
population would be combined with specific measurements of methylmercury concentrations in the local
fish actually consumed to estimate the human contact rate.  Ideally, some follow-up analysis such as
concentrations of mercury in human blood or hair would ensue.
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Analytic and survey methods to estimate the fish consumption rates of the respondents are
described for each population.  This chapter does not constitute an exhaustive review of the methods
employed.  An attempt was made to characterize the population surveyed.  Additionally, to characterize
the entire range of fish consumption rates in the surveyed populations, the consumption rates of both
average and high-end consumers as well as other specific angler subpopulations (e.g., fish consumption
by angler race or age) are presented.


The sources of consumed fish are also identified in the summaries.  Fish consumed by humans
can be derived from many sources; these include self-caught, gift, as well as grocery and restaurant
purchases.  Some studies describe only the consumption rates for self-caught fish or freshwater fish,
others estimate total fish consumption, and some delineate each source of fish.  Humans also consume
fish from many different types of water bodies.  When described by the reporting authors, these are also
identified.


Assumptions concerning fish consumption made by the study authors are also identified. 
Humans generally do not eat the entire fish; however, the species and body parts of fish which are
consumed may be highly variable among angler populations (for example, see Toy et al. 1995).  Anglers
do not eat their entire catch, and, some species of fish are typically not eaten by specific angling
subpopulations.  For example, Ebert et al. (1993) noted that some types and parts of harvested fish are
used as bait, fed to pets or simply discarded.  Study authors account for the differences between catch
weight and number in a variety of different ways.  Typically, a consumption factor was applied.  These
assumptions impact the author's consumption rate  estimates.


Data from angler and indigenous populations are useful in that they corroborate the ranges
identified in the 3-day fish consumption data.  The data are not utilized in this Report as the basis of a
site-specific assessment.  In a site-specific assessment the fish consumption rates among a surveyed
population would be combined with specific measurements of methylmercury concentrations in the local
fish actually consumed to estimate the human contact rate.  Ideally, some follow-up analysis such as
concentrations in human blood or hair would ensue.
  


4.1.3.3 U.S. Subsistent Populations


Large urban populations include individuals who obtain some of their food by catching and
eating fish from local urban waters.  For example, Waller et al. (1996) identified populations living along
the lake shore of Chicago who have ready access to fishing waters of Lake Michigan along the break
waters, the harbors, and in the park lagoons adjacent to Lake Michigan (Table 4-21).  Similar situations
occur for many water bodies in urban areas throughout the United States.
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Table 4-21
Fish Consumption of an Urban “Subsistent” Group


Study Description of Fish Consumption Pattern Notes
Group


Waller et al., 484 pregnant African- 45 of 444 ate no fish; 46 of 444 Types of fish eaten most frequently
1996 American, urban poor consumed sport-caught fish; 34 in descending order: catfish, perch,


women of the women who consumed buffalo, silver bass, and whiting. 
sport-caught fish also consumed Others included: bull heads,
store-bought fish.  sunfish, bluegills, and crappie. 


Most catfish consumed was store-
bought.  Generally fisheaters did
not consume only one type of fish. 
Most of the individuals eating
sport-caught fish also ate wild fowl
and other game (duck, raccoon,
opossum, squirrel, turkey, goose,
and other fowl.


Another group of urban consumers who subsist on fish are persons who are not limited in
income, but individuals who choose to consume a large proportion of their dietary protein from fish
because of taste preference or pursuit of health benefits attributed to fish.  For an undetermined number
of these individuals, a particular species of fish may be preferred (e.g., swordfish, sea bass, etc.) and
consumed extensively.  Depending on the mercury concentration of the preferred fish, the result of
consuming diets high in fish from one source can be substantially increased exposure to mercury.  For
example, Knobeloch et al. (1996) provide cases reports of a family whose blood mercury concentrations
increased about ten-fold following long-term consumption of a particular commercial source of imported
fish (Table 4-22).  Likewise, investigation by state authorities in Maine of elevated blood mercury
concentrations thought to result from occupational exposures to mercury, in fact, resulted from frequent
consumption of fish (Dr. Allison Hawkes, 1997).  After following physician’s advise to reduce fish
consumption the blood mercury levels decreased.


Table 4-22
High Fish Consumption among Urban Subjects: Case Report


Study Description of Fish Consumption Pattern Notes
Group


Knobeloch et Family consuming Wisconsin family consumed two Family members had blood mercury
al., 1995 commercially available meals/week of seabass imported levels elevated to 37 and 58 µg/L


fish. from Chile and obtained and hair mercury values of 10 and 12
commercially which had a mercury µg/g.  Cessation of fish consumption
concentration between 0.5 and 0.7 for 200 days reduced blood mercury
µg/g.  Other fish having low mercury levels to 3 and 5 µg/L.
concentrations (<0.05 µg/g) were
also consumed.  The father
consumed an average of 113 g of
fish/day, the mother and son
consumed approximately 75 and 37
grams of fish/day, respectively. 
Calculated mercury intakes ranged
from 9 µg/day (young child) to 52
µg/day for the father in the
household.
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4.1.3.4 U.S. Immigrant Populations


Subpopulations of recent immigrants to the United States retain food patterns characteristic of
their cultures with adaptations based on the available food supply.  In the 1980s and 1990s, the
proportion of the U.S. population whose ancestry was Southeast Asian or Caribbean origin increased. 
The people of rural Cambodia, Laos, and Vietnam supplemented their agricultural resources by hunting
and fishing (Shubat et al., 1996) and many continue to do so in the United States.  Puffer (1981) found
that Oriental/Samoan recreational anglers had fish consumption rates twice the mean value for all anglers
in the survey.  Specialized fish advisories for chemical contaminants and outreach programs for
Southeast Asian communities have been developed (Shubat et al., 1996).  Increased consumption of
purchased frozen fish, as well as self-caught fish, among Southeast Asians has been reported (Shatenstein
et al., 1997).  Overall, these subpopulations have higher fish consumption than does the general U.S.
population.


4.1.3.5 U.S. Angling Population Size Estimate and Behaviors


Many citizens catch and consume fish from U.S. waters.  The U.S. Fish and Wildlife Service
(U.S. FWS, 1988) reported that in 1985, 26% of the U.S. population fished; over 46 million people in the
U.S. spent time fishing during 1985.  Within the U.S. population fishing rates ranged from a low of 17%
for the population in the Middle Atlantic states up to 36% in the West North Central States.  These
angling subpopulations included both licensed and non-licensed fishers, hook and line anglers as well as
those who utilized special angling techniques (e.g., bow and arrows, spears or ice-fishing).


U.S. FWS (1988) also noted the harvest and consumption of fish from water bodies where
fishing is prohibited.  This disregard or ignorance of fish advisories is corroborated in other U.S. angler
surveys.  For example, Fiore et al. (1989) noted that 72% of the respondents in a Wisconsin angler survey
were familiar with the State of Wisconsin Fish Consumption Health Advisory, and 57% of the
respondents reported changing their fishing or fish consumption habits based on the advisory.  West et al.
(1989) noted that 87.3% of respondents were "aware or generally aware" of Michigan State's fish
consumption advisories.  Finally, Connelly et al. (1990) reported that 82% of respondents knew about the
New York State fish health advisories.  They also noted a specific example in which angler consumption
exceeded an advisory.  The State of New York State recommends the consumption of no more than 12
fish meals/year of contaminated Lake Ontario fish species; yet, 15% of the anglers, who fished this lake,
reported eating more than 12 fish meals of the contaminated species from the lake in that year.


The extent of the angling population can also be judged from a question included in the USDA’s
CSFII for the years 1994 and 1995.  In response to a question of whether or not they had eaten fish within
the past 12 months, 84% of individuals indicated they had.  Of those who had eaten fish, 38% indicated
that the fish they had eaten was caught by themselves or someone known to the respondent.


4.1.3.6 U.S. Angler Surveys


Summary of Angler Surveys


The results of the fish consumption surveys are compiled in Table 4-23.  These results illustrate
the range of fish consumption rates identified in angler consumption surveys.  There is a broad range of
fish consumption rates reported for angling populations. The range extends from 2 g/day to greater than
200 g/day.  The variability is the result of differences in the study designs and purposes as well as
differences in the populations surveyed.
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Table 4-23
Compilation of the Angler Consumption Studies


Source Population Percentile Daily Fish Notes
Consumption


g/day


Soldat, 1970 Columbia Mean 2 Estimate of average finfish
River consumption from river.
Anglers


Puffer, 1981; Los Angeles Median 37 Estimates for anglers and
as cited in U.S. area coastal 90th Percentile 225 family members who consume
EPA, 1990 anglers their catch.  Consumption rate


Ethnic Subpopulation includes ingestion of both
Medians finfish and shellfish.
African-American 24
Caucasian 46
Mexican-American 33
Oriental/Samoan 71


Pierce et al., Commence- 50th Percentile 23 Finfish only
1981; as cited in ment Bay in 90th Percentile 54
EPA, 1990 Tacoma, WA Maximum Reported 381


Fiore et al., 1989 Licensed WI Mean 12 Fish-Eaters, Daily Sportfish
Anglers 75th Percentile 16 Intake


95th Percentile 37


Mean 26 Fish-Eaters, Total Fish Intake
75th Percentile 34
95th Percentile 63


West et al., 1989 Licensed MI Mean 19 Daily Sportfish Intake
Anglers Mean for Minorities 22


Maximum Reported >200


West et al., 1993 Licensed MI Mean 15 Daily sportfish intake
Anglers 43


Turcotte, 1983 GA anglers Child 10 Estimates of Freshwater Fish
Teenager 23 Intake from the Savannah River
Average Angler 31
Maximum Angler 58


Hovinga et al., Caucasians Maximum Reported 132 Re-examination of Previously
1992 and 1993 living along Identified High-End Fish


Lake Consuming Population
Michigan


Ebert et al., 1993 ME anglers Mean 6 Sportfish Intake
licensed to 50th Percentile 2
fish inland 75th Percentile 6
waters 90th Percentile 13


95th Percentile 26







Table 4-23 (continued)
Compilation of the Angler Consumption Studies


Source Population Percentile Daily Fish Notes
Consumption


g/day
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Courval et al., Data on 46% of Approximately 30% of female
1996 1,950 respondents respondents consumed no


question- reported eating sport-caught fish - about double
naires from sport-caught fish that of male respondents.  In
Michigan 1-12 times: 20% the 1 to 12 meal/month range
anglers aged reported eating males and females about
18-34 years. no sport-caught equally represented.  More than


fish; 20% 13 meals/month exposure
consumed 13 to category had a higher
24 meals. proportion of males.
Approximately
10% consumed
25 to more than
49 meals/month.


Meredith and 29 locations Compared Survey to determine
Malvestuto, 1996 in Alabama. harvest method consumption rates of anglers


Seasonal and serving-size yielded comparable estimates
estimates of methods of of grams/day consumed.
freshwater estimating However, serving size method
fish consumption. yielded four-times as many
consumption consumers.


Harvest method
yielded estimates
of 43 grams/day
fish consumed
from all sites in
Alabama
(number = 563).


Serving-size
method
estimates 46
grams/day from
all sites in
Alabama
(number = 1311)


Consumption
lowest in the
Spring







Table 4-23 (continued)
Compilation of the Angler Consumption Studies


Source Population Percentile Daily Fish Notes
Consumption


g/day
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Shubat et al., 30 Hmong Respondents ate Consumption of caught fish
1996 anglers an average of only.  No information about


(residents of 3.3±3.0 fish size of meals.  Species most
St. Paul and meals per month frequently caught: crappie,
Minneapolis) (range 0.5 to white bass and walleye, other
fishing St. 12).  Median 2 bass (largemouth and
Croix or meals per month smallmouth), northern pike,
Mississippi and 8.8 meals at trout, bluegill and catfish.
Rivers.  Ages 90th percentile.
17-88.


Sekerke et al., FL residents Male Mean 60 Total Home Fish Consumption
1994 receiving Female Mean 40


foodstamps


Anglers of the Columbia River, Washington


Soldat (1970) measured fishing activity along the Columbia River during the daylight hours of
one calendar year (1967-68).  The average angler in the sampled population made 4.7 fishing trips per
year and caught an average of 1 fish per trip.  Assuming 200 g of fish consumed per meal, Soldat
estimated an average of 0.7 fish meals were harvested per trip; this results in an average of 3.3 Columbia
River fish meals/year.  The product of 3.3 meals/year and 200 g/meal is 660 g/year; an estimate of 1.8
g/day results.  While not reporting the high-end harvesting or consumption rates, Soldat reported that
approximately 15% of the 1400 anglers interviewed caught 90% of the fish.


Los Angeles, California Anglers


The results of studies from Puffer (1981) and Pierce et al. (1981) are described in U.S. EPA
(1989).  Puffer (1981) conducted 1,059 interviews with anglers in the coastal Los Angeles area for an
entire year.  Consumption rates were estimated for anglers who ate their catch.  These estimates were
based on angling frequency and the assumption of equal fish consumption among all fish-eating family
members.  The median consumption rate for fish and shellfish was 37 g/day.  The 90th percentile was
224.8 g/day.  Table 4-24 notes the higher consumption rate estimates among Orientals and Samoans.
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Table 4-24
Median Recreationally Caught Fish Consumption Rate Estimates


by Ethnic Group (Puffer, 1981)


Ethnic Group Median Consumption Rate
(g/day)


African-American 24


Caucasian 46


Mexican-American 33


Oriental/Samoan 71


Total 37


Anglers of the Commencement Bay Area in Tacoma, Washington


Pierce et al. (1981), as reported in the U.S. EPA 1990 Exposure Factors Handbook, conducted a
total of 509 interviews in the summer and fall around Commencement Bay in Tacoma, Washington. 
They assumed that 49% of the live fish weight was edible and that 98% of the total catch was eaten.  The
estimated 50th percentile consumption rate was 23 g/day and the estimated 90th percentile consumption
rate 54 g/day.  The maximum estimated consumption rate was 381 g/day based on daily angling.


Anglers of the Savannah River in Georgia


Turcotte (1983) estimated fish consumption from the Savannah River based on total harvest,
population studies and a Georgia fishery survey (Table 4-25).  The angler survey data, which included
the number of fishing trips per year as well as the number and weights of fish harvested per trip, were
used to estimate the average consumption rate in the angler population.  Several techniques including the
use of the angler survey data were used to estimate the maximum fish consumption in the angler
population.  Estimates of average fish consumption for children and teens was also provided.


Table 4-25
Freshwater Fish Consumption Estimates of Turcotte (1983)


Georgia Estimated Freshwater Fish
Subpopulation Consumption Rate (g/day)


Child 10


Teen-ager 23


Average Angler 31


Maximum Angler 58


Alabama Anglers


Meredith and Malestuto (1996) studied anglers in 29 locations in Alabama to estimate freshwater
fish consumption (Table 4-23).  The purpose of their study had been to compare two methods of
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estimating fish consumption:  The harvest or krill survey compared with the serving-size method of
estimating fish consumption.  These two techniques yielded comparable estimates of mean fish intake
(43 and 46 gms/person/day, respectively).  The serving size method identified 1311 consumers while the
harvest method identified only 563 consumers.


Wisconsin Anglers


Fiore et al. (1989) surveyed the fishing and fish consumption habits of 801 licensed Wisconsin
anglers.  The respondents were divided into 2 groups:  fish eaters and non-eaters.  The fish eaters group
was further subdivided into four groups:  those who consumed 0-1.8 kg fish/yr, 1.9-4.5 kg fish/yr, 4.6-
10.9 kg fish/yr and 10.9 < kg fish/yr.  Using an assumption of 8 oz. (227 grams) fish consumed/meal, the
authors estimated that the mean number of sport fish meals/year for all respondents (including non-
eaters) was 18.  The mean number of other fish meals/year including non-eaters was 24.  The total
number of fish meals/year was 41 for fish eaters and non-eaters combined and 42 for fish eaters only. 
Recreational anglers were  found to consume both commercial fish as well as sport fish.  The estimated
daily consumption rates of the eaters-only are presented in Table 4-26.


Table 4-26
Daily Intake of Sportfish and Total Fish for the Fish-consuming Portion


of the Population Studied by Fiore et al. (1989)


Percentile Daily Sport-Fish Intake Daily Total Fish
Intake


Mean 12 g/day 26 g/day


75th 16 g/day 34 g/day


95th 37 g/day 63 g/day


Michigan Anglers


West et al. (1989) used a mail survey to conduct a 7-day fish consumption recall study for
licensed Michigan anglers.  The respondents numbered 1104, and the response rate was 47.3%.  The
mean fish consumption rate for anglers and other fish-eating members of their households was 18.3
g/day, and the standard deviation was 26.8 g.  Because the study was conducted from January through
June, an off-season for some forms of angling in Michigan, higher rates of fish consumption would be
expected during the summer and fall months.  A full-year's mean fish consumption rate of 19.2 g/day was
estimated from seasonal data.  The mean fish consumption rate for minorities was estimated to be 21.7
g/day.  The highest consumption rates reported were over 200 g/day; this occurred in 0.1% of the
population surveyed.  Overall, fish consumption rates increased with angler age and lower education
levels.  Lower income and education level groups were found to be the only group which consumed
bottom-feeders.


New York State Anglers


Connelly et al. (1990) reported the results of a statewide survey of New York anglers.  The
10,314 respondents (62.4% response rate) reported a mean of 20.5 days spent fishing/year.  Of the
respondents, 84% fished the inland waters of New York State, and 42% reported fishing in the Great
Lakes.  An overall mean of 45.2 fish meals per year was determined for New York anglers.  The authors
assumed an average meal size of 8 oz. (227 g) of fish and estimated a yearly consumption rate of 10.1 kg
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fish (27.7 g fish/day).  Unlike the Michigan angler study (West et al., 1989), the overall mean number of
fish meals consumed increased with education level of the angler.  Fish consumption also increased with
increasing income; respondents earning more than $50,000/year consumed a mean of 54.3 meals per
year, and those with some post-graduate education consumed a mean of 56.2 meals per year.  The highest
reported regional mean consumption rates (58.8 meals/year) occurred in the Suffolk and Nassau Counties
of New York State.  


Anglers of Lake Michigan


As part of a larger effort, Hovinga et al. (1992 and 1993) re-examined 115 eaters of Great Lakes
fish and 127 controls, who consumed smaller quantities of fish, originally identified in a 1982 effort. 
Both more recent (1989) as well as 1982 consumption rates of Great Lakes sportfish were estimated.  All
of the participants in the study were Caucasian and resided in 11 communities along Lake Michigan.  The
population was divided into eaters (defined as individuals consuming 10.9 kg (30 g/day) or greater) and
controls (defined as individuals consuming no more than 2.72 kg/yr).  The consumption rates for the
groups are reported in Table 4-27.


Table 4-27
Fish Consumption Rate Data for Groups Identified in


Hovinga et al. (1992) as Eaters and Controls


Groups 1982 1982 Consumption 1989 1989 Consumption
Meals/Year Rates (kg/yr) Meals/Year Rates (kg/yr)


Mean (Range) Mean (Range) Mean (Range) Mean (Range)


Eaters 54 (24-132) 18 (11-53) 38 (0-108) 10 (0-48)


Controls -- -- 4.1 (0-52) 0.73 (0-8.8)


Anglers of Inland Waters in the State of Maine


Ebert et al. (1993) examined freshwater fish consumption rates of 1,612 anglers licensed to fish
the inland (fresh) waters of Maine.  They only analyzed fish caught and eaten by the anglers.  Anglers
were asked to recall the number, species and average length of fish eaten in the previous year; the actual
fish consumption rates were estimated based on an estimate of edible portion of the fish.  The 78% of
respondents who fished in the previous year and 7% who did not fish but did consume freshwater fish
were combined for the analysis.  Anglers who practiced ice-fishing as well as fish caught in both standing
and flowing waters were included.  Twenty-three percent of the anglers consumed no freshwater fish.  If
the authors assumed that the fish were shared evenly among all fish consumers in the angler's family, a
mean consumption rate of 3.7 g/day was estimated for each consumer.  Table 4-28 provides the fish
consumption rates for Maine anglers.
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Table 4-28
Fish Consumption Rates for Maine Anglers


Percentile All Anglers Fish-consuming
Anglers


Mean 5.0 6.4


50th (median) 1.1 2.0


75th 4.2 5.8


90th 11 13


95th 21 26


Florida Anglers Who Receive Food Stamps


As part of a larger effort the Florida Department of Environmental Regulation attempted to
identify fish consumption rates of anglers who were thought to consume higher rates of fish.  Face-to-
face interviews were conducted at five Florida food stamp distribution centers.  The selected food stamp
distribution centers were located in counties either thought to have a high likelihood of subsistence
anglers or where pollutant concentrations in fish were known.  Interviews with twenty-five household's
primary seafood preparer were conducted at each center per quarter for an entire year.  A total of 500
interviews was collected.  The interviewed were asked to recall fish consumption within the last 7 days. 
Specifically, the respondents were asked to recall the species, sources  and quantities of fish consumed. 
Note that the respondents were only asked to recall fish meals prepared at home (actual consumption
rates may have been higher if the respondents consumed seafood elsewhere) and that the sources of fish
were from both salt and freshwater.  The results of the survey conducted by Sekerke et al. (1994) are in
Table 4-29.


Table 4-29
Fish Consumption Rates of Florida Anglers Who Receive Food Stamps


Respondent No. Average Finfish Average Shellfish
Consumption Consumption


Adult Males 366 60 g/day 50 g/day


Adult Females 596 40 g/day 30 g/day


4.1.3.7 Indigenous Populations of the United States


The tribes and ethnic groups who comprise the indigenous populations of the United States show
wide variability in fish consumption patterns.  Although some tribes, such as the Navajo, consume
minimal amounts of fish as part of their traditional culture, other native groups — such as the Eskimos,
Indians, and Aleuts of Alaska, or the tribes of Puget Sound — traditionally consume high quantities of
fish and fish products.  The U.S. indigenous populations are widely distributed geographically.  For
example, a U.S. EPA report (1992b) identified 281 Federal Indian reservations that cover 54 million
acres in the United States.  Treaty rights to graze livestock, hunt, and fish are held by native peoples for
an additional 100 to 125 million acres.  There are an estimated two million American Indians in the
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United States (U.S. EPA, 1992b).  Forty-five percent of these two million native people live on or near
reservations and trust lands.  High-end fish consuming groups include Alaska natives who number
between 85,000 and 86,000 people (Nobmann et al., 1992).


Fish products consumed by indigenous populations may rely on preparation methods that differ
from ones typically encountered in the diet of the general U.S. population.  By way of illustration, food
intake data obtained from Alaskan natives were used to calculate nutrient intakes using a computer and
software program.  These computerized databases had been developed by the U.S. Veterans
Administration (VA) for patients in the national Veteran's Administration hospital system.  Nobmann et
al. (1992) found they needed to add data for 210 dietary items consumed by Alaskan Natives to the 2400
food items in the VA files.


In the mid-1990s data on fish consumption by indigenous populations of the United States were
reported for Alaska Natives (Nobmann et al., 1992), Wisconsin Tribes (U.S. EPA, 1992), the Columbia
River Tribes (Columbia River Inter-Tribal Fish Commission, 1994) and selected Puget Sound Tribes
(Toy et al. 1995).  Findings from these studies can be used to assess differences in fish consumption
between these indigenous groups and the general U.S. population.


Summary of Native American Angler Surveys


Table 4-30 summarizes the reported consumption rates of Native Americans detailed here.
Although not all Native American tribal groups traditionally include fish as part of their diets, groups
living near rivers, lakes, and coastal areas consume a vide variety of fish and shellfish.  The highest
levels of fish and shellfish consumption are thought to occur among tribal groups living along the Pacific
Coast and in Alaska.  Tribal groups in the Great Lakes region also include fish as part of their typical
diet.  The data base to estimate quantities of fish consumed has been greatly enhanced over the past five
years with the publication of a number of dietary assessments conducted as part of activities to determine
exposure to chemical contaminants in fish.


Surveys of Native American anglers in the United States indicate an average fish/shellfish
consumption in the rage of 30 to 80 grams per day (U.S. EPA, 1992b; Harnly et al., 1997; Toy et al.,
1995) with 90th percentile consumption of about 150 grams/day or higher (Toy et al., 1995).  Inclusion
of data on Alaskan Native Americans results in still higher levels of fish and shellfish intake.  For
example, Nobmann et al. (1992) reported mean fish consumption estimates in excess of 100 grams/day.


Table 4-30
Fish Consumption by Native U.S. Populations


Source Population Percentile Fish-Meals Notes
Consumed or Fish


Consumption (gms)


Nobmann 351 Alaska Native Mean 109 gms of fish and
et al., 1992 adults (Eskimos, shellfish per day.


Indians, Aleuts)


U.S. EPA, Wisconsin Tribes 11 Mean 32 gms of fish per day
1992b Native American


Indian Tribes
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Source Population Percentile Fish-Meals Notes
Consumed or Fish


Consumption (gms)
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Peterson et 323 Chippewa adults Mean = 1.7 fish
al., 1995 > 18 years of age. meals/week.


(1.9 and 1.5 fish
meals/week for male
and for female
respondents,
respectively).


0.26% of males and
0.15% of females
reported eating 3 or
more fish-meals per
week.


50% of respondents
ate one or less fish
meals per week.


21% of respondents
ate three or more fish
meals per week.


2% of respondents ate
fish-meals each day.


Toy et al., Tulalip and Squaxin 50th percentile: Report contains
1995 Island Tribes. 263 Finfish, 22 gms/day; data for


adult subjects. total fish consumed, anadromous fish,
43 gms/day. pelagic, bottom


90th percentile: Data are based on
Finfish, 88 gms/day; an average body
total fish, 156 weight of 70
gms/day. kg/day.


and shell fish. 


Fitzgerald 97 nursing Mohawk 24.7% ate 1-9 local Study conducted
et al., 1995 women fish meals/year during from 1986-1992


pregnancy; in area where fish
10.3% ate >9 local are contaminated
fish meals/year during with PCB
pregnancy;
41.2% ate 1-9 local
fish meals/year one
year prior to
pregnancy;
15.4% ate >9 local
fish meals/year one
year prior to
pregnancy;
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Source Population Percentile Fish-Meals Notes
Consumed or Fish


Consumption (gms)
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Centers for Miccouskee Indian Local fish: 31% (58 Blue gill most
Disease Tribes of South persons) reported common species
Control, Florida (1993), 2 eating fish from of local fish
1993 children and 183 Everglades during consumed. 


adults completed previous 6 months. Largemouth bass
dietary questionaires Maximum daily consumed in


consumption: 168 greatest quantity
grams Median daily
consumption: 3.5 grams


Marine fish: 57% (105 commonly
persons) consumed consumed (by all
marine fish during 105 of marine
previous 6 months. consumers) and


Nonlocal freshwater amounts (7.0
fish: 1 individual, 25 grams/day
grams/day median level)


Local wildlife: 65% consumed: deer
(120 participants) (57% of
consumed local game. participants),


Canned tuna most


in the largest


Local game


wildboar (10%),
redbelly turtle
(10%), frog (5%)
and alligator
(3%)


Gerstenber 89 Ojibwa Tribal 35% of respondents ate Most frequently
ger et al., members from the Lake Superior fish consumed fish
1997 Great Lakes Region 1x/week.  6.7% ate from Lake


Lake Superior fish Superior: lake
2x/week. trout (37%),


Consumption of fish whitefish (27%).
from other lakes:


12.5% ate these lakes: Walleye.
1x/week
5.7% ate these 2x/week Highest fish


89 respondents April, May, and
averaged 29 fish June
meals/year (range zero
to 150 fish meals/year)


walleye (27%),


From inland


consumption in
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Source Population Percentile Fish-Meals Notes
Consumed or Fish


Consumption (gms)
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Harnly et Native Americans Fish-consuming Sportfish species:
al., 1997 living near Clear Lake participants averaged catfish, perch,


California 60 g/day of sportfish hitch, bass, carp
and 24 g/day of
commercial fish. Commercial fish:


10% of adults salmon, crab,
consumed Hg intakes > shrimp.
30 µg/day


snapper, tuna,


Wisconsin Tribes


An U.S. EPA report entitled Tribes at Risk (The Wisconsin Tribes Comparative Risk Project)
(US EPA, 1992) reported an average total daily fish intake for Native Americans living in Wisconsin of
35 gms/day.  The average daily intake of locally harvested fish was 31.5 grams.


Peterson et al. (1995) surveyed 323 Chippewa adults over 18 years of age living on the Chippewa
reservation in Wisconsin.  The survey was conducted by interview and included questions about season,
species and source of fish consumed.  The survey was carried out in May.  Fish consumption was found
to be seasonal with the highest fish consumption occurring in April and May. Fish species typically
consumed were walleye and northern pike, muskellunge and bass.  During the months in which the
Chippewa ate the most fish, 50% of respondents reported eating one or fewer fish meals per week, 21%
reported eating three or more fish meals per week, and 2% reported daily fish consumption.  The mean
number of fish meals per week during the peak consumption period was 1.7 meals; this is approximately
42% higher than the 1.2 fish meals per week that respondents reported as their usual fish consumption. 
Higher levels of fish consumption were reported by males (1.9 meals per week) than by females (1.5
meals per week).  Among male respondents 0.26% ate 3 or more fish meals per week, whereas 0.15% of
female respondents ate 3 or more meals of fish per week.  Unemployed persons typically had higher fish
consumption rates.   


Columbia River Tribes


The Columbia River Inter-Tribal Fish Commission (1994) estimated fish consumption rates
based on interviews with 513 adult tribal members of four tribes inhabiting the Columbia River Basin
(see Tables 4-31 and 4-32).  The participants had been selected from patient registration lists provided by
the Indian Health Service.  Data on fish consumption by 204 children under 5 years of age were obtained
by interviewing the adults.


Fish were consumed by over 90% of the population with only 9% of the respondents reporting no
fish consumption.  The average daily consumption rate during the two highest intake months was 108
grams/day, and the daily consumption rate during the two highest and lowest intake months were 108
g/day and 31 g/day, respectively.  Members who were aged 60 years and older had an average daily
consumption rate of 74 grams/day.  During the past two decades, a decrease in fish consumption was
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generally noted among respondents in this survey.  The maximum daily consumption rate for fish
reported for this group was approximately 970 grams/day.


Table 4-31
Fish Consumption by Columbia River Tribes


(Columbia River Inter-Tribal Commission, 1994)


Subpopulation Mean Daily Fish Consumption (g/day)


Total Adult Population, aged 18 years and older 59


Children, aged 5 years and younger 20


Adult Females 56


Adult Males 63


Table 4-32
Daily Fish Consumption Rates by Adults of Columbia River Tribes


(Columbia River Inter-Tribal Commission, 1994)


Percentile Amount (g/day)


50th 29-32


90th 97-130


95th 170


99th 389


Tribes of Puget Sound


A study of fish consumption among the Tulalip and Squaxin Island Tribes of Puget Sound was
completed in November 1994 (Toy et al., 1995).  The Tulalip and Squaxin Island Tribes live
predominantly on reservations near Puget Sound, Washington.  Both tribes rely on commercial fishing as
an important part of tribal income.  Subsistence fishing and shell-fishing are significant parts of tribal
members economies and diets.   


The study was conducted between February and April in 1994.  Fish consumption practices were
assessed by questionnaire and interview using dietary recall methods, food models and a food frequency
questionnaire.  The food frequency questionnaire was aimed as identifying seasonal variability. 
Questions in the interview included food preparation methods and obtained information on the parts of
the fish consumed.  Fish consumed were categorized into anadromous fish (king salmon, sockeye salmon,
coho salmon, chum salmon, pink salmon, steelhead salmon, salmon unidentified and smelt); pelagic fish
(cod, pollock, sable fish, spiny dogfish, rockfish, greenling, herring and perch); bottom fish (halibut,
sole/flounder and sturgeon); and shell fish (manila clams, little clams, horse clams, butter clams, cockles,
oysters, mussels, shrimp, dungeness crab, red rock crab, scallops, squid, sea urchin, sea cucumbers and
moon snails).
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Among consumers of anadromous fish, local waters (i.e., Puget Sound) supplied a mean of 80%
of the fish consumed.  Respondents from the Tulalip Tribes purchased a mean of approximately two-
thirds of fish from grocery stores or restaurants, while among the Squaxin Island Tribe, the source of fish
was about 50% self-caught and 50% purchased from grocery stores or restaurants.  For bottom fish,
members of both tribes caught about half of the fish they consumed.  Anadromous fish were much more
likely to be consumed with the skin attached.  Most other fish were consumed minus the skin. 
Approximately 10% of the respondents consumed parts of the fish other than muscle; i.e., head, bones,
eggs.


Data on fish consumption were obtained for 263 members from the Tulalip and Squaxin Island
tribes.  The mean consumption rate for women of both tribes was between 10-and-12-times higher than
the default rate of 6.5 grams/day used by some parts of the U.S. government to estimate fish intake. 
Among male members of both tribes, the consumption rate was approximately 14-times higher than the
default rate.  The 50th percentile consumption rate for finfish for both tribes combined was 32 grams/kg
body weight/day.  Male members of the Tulalip and Squaxin Island tribes had average body weights of
189 pounds and 204 pounds, respectively.  Female members of the Tulalip and Squaxin Island tribes
weighed on average 166 pounds and 150 pounds, respectively.  If an average body weight is assumed to
be 70 kg, the daily fish consumption rate for both tribes for adults was 73 grams per day with a 90th
percentile value of 156 grams per day for total fish.  Fish consumption data for selected categories of fish
are shown in Table 4-33.


Table 4-33
Fish Consumption (gms/kg bw/day) by the Tulalip and Squaxin Island Tribes


(Toy et al., 1995)


Type of 5th 50th 90th 95th Mean SE 95th
Fish Percentile Percentile Percentile Percentile Percent CI


Anadromous .0087 .2281 1.2026 1.9127 .4600 .0345 .3925, 0.5275


Pelagic .0000 .0068  .1026 .2248 .0390 .0046 .0300, 0.0480


Bottom .0000 .0152  .1095 .2408 .0482 .0060 .0364, 0.4375


Shell .0000 .1795 1.0743 1.4475 .3701 .0343 .3027, 0.4375
Fish


Other .0000 .0000 .0489 .1488 .0210 .0029 .0152, 0.0268
Fish


Total .0200 .3200 .1350 2.1800 .5745 .0458 .4847, 0.6643
Finfish


Total .0495 .6081 2.2267 3.2292 1.0151 .0865 .8456, 1.1846
All Fish


During the survey period, 21 of the 263 tribal members surveyed reported fish consumption rates
greater than three standard deviations from the mean consumption rate.  For example, six subjects
reported consumptions of 5.85, 6.26, 9.85, 11.0, 22.6 and 11.2 grams of finfish and shell fish/kg body
weight/day.  If a 70-kg body weight is assumed these consumption rates correspond to 410, 438, 690, 770
and 1582 grams per day.
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Mohawk Tribe


A study of fish consumption among 97 nursing Mohawk women in rural New York State was
conducted from 1986 to 1992 (Fitzgerald et al., 1995).  Fish consumption advisories had been issued in
the area due to polychlorinated biphenyl (PCB) contamination of the local water body.  Using food
frequency history and a long-term dietary history, the women were asked about their consumption of
locally caught fish during three specific periods of time: during pregnancy, the year prior to pregnancy,
and more than a year before pregnancy.  For comparison, the study also surveyed fish consumption rates
among 154 nursing (primarily caucasian) women from neighboring counties.  The socioeconomic status
of the women of the control group were similar to that of the Mohawk women.  The fish in these counties
had background  PCB concentrations. 


The results (Table 4-34) showed that the Mohawk women had a higher prevalence of consuming
locally caught fish than the comparison group in the two intervals assessed prior to the pregnancy; the
prevalence of local fish consumption during pregnancy for the two groups was comparable.  A decrease
in local fish consumption rates was also noted over time; these may be related to the issuance of
advisories. 


Table 4-34
Local Fish Meals Consumed By Time Period for the


Mohawk and Comparison Nursing Mothers (Fitzgerald et al., 1995)


Fish During Pregnancy 1 Year Before Pregnancy >1 Year Before Pregnancy
Meals/
Year Mohawk Control Mohawk Control Mohawk Control


0 64.9% 70.8% 43.3% 64.3% 20.6% 60.4%


1-9 24.7% 15.6% 41.2% 20.1% 43.3% 22.7%


10-19 5.2% 4.5% 4.1% 3.9% 6.2% 5.2%


>19 5.1% 9.1% 11.3% 11.7% 29.9% 11.7%


Native Americans near Clear Lake, California


Harnly et al. (1997) found that Native Americans living near Clear Lake, California consumed an
average of 84 grams of fish/day (60 g/day sport fish plus 24 g/day of commercial fish).  Ten percent of
adults reported mercury intakes over 30 µg/day.  The most popular species of sportfish were: catfish,
perch, hitch, bass, and carp.  Commercial species most commonly eaten were: snapper, tuna, salmon,
crab, and shrimp.


Great Lakes Tribes


Members of the Ojibwa live in the Great Lakes region of the United States and Canada. 
Gerstenberger et al. (1997) reported that approximately 35% of the respondents (89 members of the
Ojibwa Tribes) consumed Lake Superior fish at least once a week with 7% of this group consuming Lake
Superior fish at least twice a week.  The most commonly consumed Lake Superior-origin fish were lake
trout, walleye, and whitefish.  In addition, fish were consumed from inland lakes with 12% of
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reponsdnets eating inland lake fish once a week and 6% consuming these fish twice a week.  Walleye
was the most common species of fish consumed from these inland lake sources.


4.1.4 Summary of Hawaiian Island Fish Consumption Data


The CSFII 1989-1991 did not include the Hawaiian Islands.  To the knowledge of the authors of
the Mercury Study Report to Congress, data describing fish consumption by the general Hawaiian
population that estimate Island-wide levels of consumption have not been reported.  However, reports on
commercial utilization of seafood (Higuchi and Pooley, 1985; Hudgins, 1980) and analysis of
epidemiology data (Wilkens and Hankin, personal communication, 1996) provide a basis to describe
general patterns of consumption.  Overall, seafood consumption in Hawaii is much higher than in the
contiguous United States.  On a per capita basis, the United States as a whole consumed 5.45 kg and 5.91
kg (12 and 13 pounds) of seafood in 1973 and 1977, respectively (Hudgins, 1980).  By contrast Hawaiian
per capita consumption for all fish products was 11.14 kg (24.5 pounds) in 1972 and 8.77 kg (19.3
pounds) in 1974.   


The most popular species of fish and shellfish consumed were moderately comparable between
Hawaii and the contiguous 48 states.  The methods of food preparation differed, however, with raw fish
being far more commonly consumed in Hawaii.  Sampled at the retail trade level the most commonly
purchased fish were:  tuna, mahimahi, and shellfish [see Table 4-35 which is based on data in Higuchi
and Pooley (1985)].  A survey of seafood consumption by families was identified.  In 1987, the
Department of Business and Economic Development (State of Hawaii, 1987) conducted a survey of 400
residents selected on a random digit dialing basis of a population representing 80% of total state seafood
consumption.  All data were collected in July and August, 1987 and would not reflect any seasonal
differences in fish/shellfish consumption.  The respondents were asked to describe seafood consumption
by their families.  Shrimp was the most popular seafood with mahimahi or dolphin fish as the second
most popular (Hawaii Seafood, 1988).  Reports on fish consumption in Hawaii separate various species
of tuna: ahi (Hawaiian yellowfin tuna, bigeye tuna & albacore tuna), aku (Hawaiian skipjack tuna), and
tuna.  In 1987, nearly 66% of the 400 families surveyed had seafood at least once a week and 30% twice
a week.  Only 4% did not report consuming seafood during the previous week based on a telephone
survey.  


Wilkens and Hankin (personal communication, 28 February 1996) analyzed fish intake from
1856 control subjects from Oahu who participated in research studies conducted by the Epidemiology
Program of the Cancer Research Center of Hawaii, University of Hawaii at Manoa.  These subjects were
asked about consumption over a one-year period prior to the interview.  Within this group the most
commonly consumed fish was tuna [canned with tuna species undesignated (70.8 % of subjects reporting
consumption)]; shrimp (47.7% of subjects); tuna (yellowfin fresh designated aku, ahi with 42.2% of
subjects reporting consumption); mahimahi [(or dolphin) with 32.5% of respondents reporting
consumption]; and canned sardines (with 29.1% of subjects reporting consumption).  
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Table 4-35
Species Composition of Hawaii's Retail Seafood Trade — 1981 Purchases


Higuchi and Pooley (1985)


Fish/Shellfish Pounds Purchased Percent of Total Purchases


Tuna 11,600,000 20.9
Ahi (Hawaiian yellow-
fin, bigeye & albacore) (5,400,000)


Billfish (including swordfish) 5,900,000 11.3
and shark


Mahimahi and ono (wahoo) 9,900,000 17.7


Akule (Hawaiian bigeye scad) 4,00,000  6.9
and opelu 


Bottom fish 2,600,000 7.0


Reef fish 3,500,000 5.3


Shellfish  8,200,000 15.5
Shrimp (4,200,000)
Lobster (900,000) 


Other species 8,300,000 15.4
Salmon/trout (1,500,000)
Snapper (1,800,000)
Frozen filets (2,300,000)
Frozen sticks/blocks (1,400,000)


Total 54,000,000 100.0


4.1.5 Summary of Alaskan Fish Consumption Data


The CSFII analyses of food intake by the USDA include the 48 contiguous states but do not
include Alaska or Hawaii.  A number of investigators have published data on fish consumption in Alaska
by members of native populations (e.g., Inuits, Eskimos) and persons living in isolated surroundings. 
These reports focus on nutritional/health benefits of high levels of fish consumption, food habits of
native populations, and/or effects of bioaccumulation of chemicals in the aquatic food web.


4.1.5.1 General Population


After contacting professionals from the Alaskan health departments and representatives of the
U.S. Centers for Disease Control in Anchorage, the authors of this report have not identified general
population data on fish consumption among Alaskan residents who are not part of native population
groups, subsistence fishers/hunters, or persons living in remote sites.  Patterns of fish consumption
among urban residents (e.g., Juneau, Nome, Anchorage) appear not to be documented in the published
literature.
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4.1.5.2 Non-urban Alaskan Populations


Native people living in the Arctic rely on traditional or "country" foods for cultural and
economic reasons.  The purpose of the current discussion is not to assess the comparative risks and
benefits of these foods.  The risks and benefits of these food consumption habits have been compared by
many investigators and health professionals (among others see Wormworth, 1995; Kinloch et al., 1992;
Bjerregaard, 1995).  


 Despite a degree of acculturation in the area of foods, native foods were still eaten frequently by
Alaskan Native peoples based on results of the 1987-1988 survey.  Diets that include major quantities of
fish (especially salmon) and sea mammals retain a major place in the lives of Alaskan Native peoples. 
The consumption of traditional preparations of salmon and other fish continues; this includes fermented
foods such as salmon heads and eggs, other fish and their eggs, seal, beaver, caribou and whale.  


Diets of Native Alaskans differ from the general population and rely more extensively on fish
and marine mammals.  These are population groups that are characterized by patterns of food
consumption that reflect availability of locally available foods and include food preparation techniques
that differ from those usually identified in nutrient data bases.  For example, Nobmann et al. (1992)
surveyed a population of Alaska Natives that included Eskimos (53%), Indians (34%), and Aleuts (13%). 
The distribution of study participants was proportional to the distribution of Alaska Natives reported in
the 1980 Census.  The 1990 Census identified an overall population of 85,698 persons as Alaska Natives.


Nobmann et al. (1992) indicated that Alaska Natives have traditionally subsisted on fish; marine
mammals; game; a few plants such as seaweed, willow leaves, and sourdock; and berries such as
blueberries and salmonberries rather than on a plant-based diet. In preparing a nutrient analysis of the
food consumed in eleven communities that represented different ethnic and socioeconomic regions of
Alaska, these investigators added nutrient values for 210 foods consumed by Alaska Natives in addition
to the 2400 foods present in the Veteran's Administration's nutrient data base.  Nobmann et al. (1992)
found fish were an important part of the diet.  The mean daily intake of fish and shellfish of Alaska
Natives was 109 grams/day.  Fish consumption was more frequent in the summer and fall and game meat
was eaten more often in the winter.  


Quantitative information on dietary intakes of Native Alaskan populations are few.  Estimates
can be derived from harvest survey data, but these have limitations because not all harvested animals are
consumed nor are all edible portions consumed.  Other edible portions may be fed to domestic animals
(e.g., sled dogs). Substantial variability in intake of foods including ringed seal, bearded seal, muktuk
(beluga skin with an underlying thin layer of fat) and walrus has been reported (Ayotte et al., 1995).


Dietary analyses on seasonal food intakes of 351 Alaska Native adults from eleven communities
were performed during 1987-1988 (Nobmann et al., 1992).  Alaska Natives include Eskimos, Indians and
Aleuts.  There is no main agricultural crop in Alaska which when combined with a short growing season,
results in limited availability of edible plants. Alaska Natives have traditionally relied on a diet of fish,
sea mammals, game and a few native plants (seaweed, willow leaves, and sourdock) and berries (such as,
blueberries and salmon berries).  Although consumption of significant amounts of commercially
produced foods occurs, use of subsistence foods continues. 


The survey sample of 351 adults, aged 21-60 years, was drawn from eleven communities. 
Information was obtained using 24-hour dietary recalls during five seasons over an 18-month period. 
Fish were consumed much more frequently by Alaska Natives than by the general U.S. population.  Fish
ranked as the fourth most frequently consumed food by Alaska Natives compared with the 39th most
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frequently consumed food by participants in the nationally representative Second National Health and
Nutrition Assessment Survey (NHANES II).  The mean daily intake of fish and shellfish for Alaska
Natives was 109 grams/day contrasted with an intake of 17 grams per day for the general U.S. population
described in NHANES II.  Among Alaska Natives fish was consumed more frequently in the summer and
fall months.  


Several extensive data sets on mercury concentrations in marine mammals consumed by
indigenous populations living in the circumpolar regions have been published (Wagemann et al., 1996;
Caurant et al., 1996; Dietz et al., 1996).  Analyses that determined chemically speciated mercury have
shown that mercury present in muscle tissue is largely (>75%) organic mercury (i.e., methylmercury
(Caurant et al., 1996)).  By contrast, mercury present in organs such as liver and kidney is predominantly
in an inorganic form (Caurant et al., 1996).


4.1.5.3 Alaskans from Subsistence Economies


Wolfe and Walker (1987) described the productivity and geographic distribution of subsistence
economies in Alaska during the 1980s.  Based on a sample of 98 communities, the economic
contributions of harvests of fish, land mammals, marine mammals and other wild resources were
analyzed.  Noncommercial fishing and hunting play a major role in the economic and social lives of
persons living in these communities.  Harvest sizes in these communities were established by detailed
retrospective interviews with harvesters from a sample of households within each community.  Harvests
were estimated for a 12-month period.  Data were collected in pounds of dressed weight per capita per
year.  Although it varies by community and wildlife species, generally "dressed weight" is approximately
70 to 75% of the round weight for fish and 20 to 60% of round weight for marine animals.  Dressed
weight is the portion of the kill brought into the kitchen for use, including bones for particular species. 
The category "fish" contains species including salmon, whitefish, herring, char, halibut, and pike.  "Land
mammals" included species such as moose, caribou, deer, black bear, snowshoe and tundra hare, beaver
and porcupines.  "Marine mammals" consisted of seal, walrus and whale.  "Other" contained birds,
marine invertebrates, and certain plant products such as berries. 


Substantial community-to-community variability in the harvesting of fish, land mammals, marine
mammals and other wild resources were noted (Wolfe and Walker, 1985).  Units are pounds "dressed
weight" per capita per year.  The median harvest was 252 pounds with the highest value approximately
1500 pounds.  Wild harvests (quantities of fish, land mammals and marine mammals) in 46% of the
sampled Alaskan communities exceeded the western U.S. consumption of meat, fish, and poultry.  These
communities have been grouped by general ecological zones which correspond to historic/cultural areas: 
Arctic-Subarctic Coast, Aleutian-Pacific Coast, Subarctic Interior, Northwest Coast and contemporary
urban population centers.  The Arctic-Subarctic Coast displayed the greatest subsistence harvests of the
five ecological zones (610 pounds per capita), due primarily to the relatively greater harvests of fish and
marine animals.  For all regions the fishing output is greater than the hunting; fishing comprises 57 - 68%
of total subsistence output.  Above 60� north latitude fishing predominates other wildlife harvests, except
for the extreme Arctic coastal sea mammal-caribou hunting communities.  Resource harvests of fish
("dressed weight" on a per capita basis) by ecological zone (and cultural area) were these:  Arctic-
Subarctic Coast (Inupiaq-Yup'ik), 363 pounds/year or 452 grams/day; Aleutian-Pacific Coast (Aleut-
Sugpiaq), 251 pounds/year or 312 grams/day; Subarctic Interior (Athapaskan), 256 pounds/year or 318
grams/day; Northwest Coast (Tingit-Haida), 122 pounds/year or 152 grams/day; and Other (Anchorage,
Fairbanks, Juneau, Matanuska-Susitna Borough, and Southern Cook Inlet), 28 pounds/year or 35
grams/day.


Consumption of marine mammals was reported among Yupik Eskimos living in either a coastal
or river village of southwest Alaska  (Parkinson et al., 1994).  Concentrations of plasma omega-3 fatty
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acids were elevated (between 6.8 and 13 times) among the Yupic-speaking Eskimos living in two
separate villages compared with non-Native control subjects (Parkinson et al., 1994).  Concentrations of
omega-3 fatty acids in plasma phospholipid has been shown to be a valid surrogate of fish consumption
(Silverman et al., 1990).  Among coastal-village participants the concentrations of eicosapentaonoic and
docosahexaenoic acids reflected higher consumption of marine fish and marine mammals and the use of
seal oil in food preparation.  Among river village natives, the increase reflected higher consumption of
salmon.


The Division of Subsistence of the Alaska Department of Fish and Game (Robert J. Wolfe,
personal communications, 1997) has provided estimates of the mean per capita harvests of subsistence
fish, shellfish, and marine mammals in rural Alaska areas (Table 4-36).  Combined harvests of
fish/shellfish/marine mammals averaged approximately 350 grams/day for all rural areas combined.  The
highest intakes were found in the Western, Interior and Arctic regions with harvests of 693, 577, and 482
grams/day, respectively.  Marine mammal consumption was particularly high in the Arctic region with an
average of approximately 270 grams/day consumed.  Comparable estimates of marine mammal
consumption were reported by Chan (1997) for an Inuit community based on dietary information
gathered by the Centre for Indigenous Peoples’ Nutrition and the Environment (Table 4-37).  Using the
Centre’s database for contaminants, Chan estimated that mercury intakes were 185 µg mercury/day with
170 µg of mercury coming from marine mammal meat.


Consumption of marine mammals results in very high exposures to methylmercury.  Wolfe
(1997) provided data on mean per capita harvest of marine mammals in the Arctic region of rural Alaska
of about 290 grams/day.  Greater details of types of marine mammals consumed, mercury concentrations
found in these mammals, and estimates of quantities of mammals consumed have been published by
Canadian investigators (Jensen et al. 1997; Chan, 1997) and by the investigators in Greenland and
Denmark (Dietz et al., 1996).


Table 4-36
Mean Per Capita Harvest of Fish and Marine Mammals (g/day)


(Wolfe, personal communication, 1997)


Alaska Rural Area Fish Shellfish Marine Fish/Shellfish Fish/Shellfish/
Mammals Marine


Mammals


Southcentral-Prince 114 7 4 122 126
William Sound


Kodiak Island 132 17 2 149 152


Southeast 119 32 7 152 159


Southwest-Aleutian 299 7 12 307 319


Interior 577 0 0 577 577


Arctic 194 1 267 195 482


Western 605 0 88 605 693


All Rural Areas 276 11 65 267 352
Combined
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Table 4-37
Estimated Daily Intake of Food and Mercury for Arctic Inuit


(Adapted from Chan, 1997)


Food group Food (g/day) Mercury (µg/day)


Marine mammal meat 199 170


Marine mammal blubber 30 2.4


Terrestrial mammal meat 147 4.0


Terrestial mammal organs 1 0.9


Fish 42 6.6


Birds 2 0.8


Plants 2 0.0


Total 423 185


Marine mammals are primarily exposed to methylmercury (Caurant et al., 1996).  Mercury
present in flesh of marine mammals is largely methylmercury.  For example, Caurant et al. (1996)
identified an average of 78% organic mercury in muscle of pilot whales (Globicepala melas) and 23%
organic mercury in pilot whale liver.  Mercury in organs such as liver and kidney appears to be
demethylated and stored in a form combined with selenium, which has been regarded as a detoxification
mechanism for the marine mammals (Caurant et al., 1996).  Detailed date on mercury concentration in
the northern marine ecosystem were reported by Dietz et al. (1996) including information on mercury
concentration in molluscs, crustaceans, fish, seabirds, seals, whales, and polar bears.


Among the Inuit in coastal communities of the Canadian Arctic and Greenland, marine mammals
are an important source of food.  Food items include the flesh and some organs of ringed seals (Phoca
hispida) and the flesh, but preferentially skin meat and liver of ringed seals and muktuk and blubber of
whales are eaten raw or cooked.  Muktuk and the flesh, liver, intestines, and blubber of walrus are also
eaten after fermentation (Wagemann et al., 1996).


Throughout the Arctic, the mean mercury concentration in muscle of beluga whale averaged
between 0.7 and 1.34 µg mercury/gram wet weight of tissue (Wagemann et al., 1996).  Muktuk (skin as a
whole) of beluga averaged between approximately 0.6 and 0.8 µg mercury/g wet weight.  The skin of
cetaceans (whales, dolphins, porpoises) consists of four layers with the mercury concentration increasing
toward the outermost layers of skin.  In this outermost layer of skin, mercury concentration were about
1.5 µg/gram.  During molting, about 20% of the total mercury in skin is lost annually.  Muscle tissue of
narwhal averaged between 0.8 and 1.0 µg/g, while muktuk averaged around 0.6 µg/g wet weight
(Wagemann et al., 1996).  Muscle flesh of ringed seals had average mercury concentrations in the range
of 0.4 and 0.7 µg/g with most of the mercury present as methylmercury.  Liver mercury concentrations
averaged in the range of 20 to 30 µg/g, but this was primarily present as inorganic mercury.  Kidney
contained between 1 and 3 ppm mercury (Wagemann et al., 1996).
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Overall, groups consuming muscle and muktuk from marine mammals have much higher
exposures to methylmercury that do groups who consume primarily fish and/or terrestrial mammals. 
Chan (in press) estimated exposures over 180 µg mercury/day for Arctic Inuits.  To whatever extent
organs (specifically liver and kidney) are consumed, these typically contain higher concentrations of
mercury but with a lower fraction of methylmercury than found in muscle tissue.  


4.1.6 Summary of Canadian Data on Mercury Intake from Fish and Marine Mammals


The Northern Contaminants Program on the Department of Indian Affairs and Northern
Development of the Canadian Government published a compilation of contaminant data including
mercury concentrations in fish and marine mammals (Jensen et al., 1997).  Most of the traditionally
harvested fish and land and marine animals consumed are long-lived and are from the higher trophic
levels of the food chain which contain greater concentrations of methylmercury than are found in
nonpredatory fish.


Several extensive data sets on mercury concentrations in marine mammals consumed by
indigenous populations living in the circumpolar regions have been published (Wagemann et al., 1996;
Caurant et al., 1996; Dietz et al., 1996).  Analyses that determined chemically speciated mercury have
shown that mercury present in muscle tissue is largely (>75%) organic mercury (i.e., methylmercury)
(Caurant et al., 1996).  By contrast, mercury present in organs such as liver and kidney is predominantly
in an inorganic form (Caurant et al., 1996).


Wagemann et al. (1997) have provided an overview of mercury concentrations in Arctic whales
and ringed seals.  The Inuit in coastal communities of the Canadian Arctic and Greenland hunt and
consume marine mammals for food.  The flesh and some organs of ringed seals (Phoca hispida) and flesh
but preferentially skin (muktuk) of belugas (Delphinapterus leucas) and narwal (Monodon monoceros)
contribute significantly to the Inuit diet.  Throughout the Arctic, the mean concentrations in Beluga
muscle averaged 0.70 to 1.34 µg mercury/gram wet weight (Wagemann et al., 1996).  Mean mercury
concentrations in the muktuk (skin as a whole) of belugas sampled in the western (1993-1994) and the
eastern Arctic (1993-1994) were 0.78 and 0.59 µg mercury/gram wet weight (Wagemann et al., 1996). 
Mean mercury concentrations for narwhal samples collected in the period 1992-1994 were 0.59, 1.03,
10.8, and 1.93 µg mercury/gram wet weight in muktuk, muscle, liver, and kidney, respectively
(Wagemann et al., 1996).  Muscle tissue of ringed seals contained mercury in concentrations averaging
between 0.4 and approximately 0.7 µg mercury/gram wet weight.  Liver tissue averaged between
approximately 8 and 30 µg mercury/gram wet weight.  Kidney tissues averaged between 1.5 and 3.2 µg
mercury/gram wet weight.
  


Extensive data on mercury concentrations in multiple tissues from a wide variety of molluscs,
crustacea, fish, seabirds, and marine mammals (seals, whales, and porpoises), and polar bears collected in
Greenland were published by Dietz et al. (1996).  Chemically speciated mercury concentrations in tissues
of pilot whales have been determined by Caurant et al. (1996).  The percent organic mercury (i.e.,
methylmercury) in muscle tissue averaged over 75%.  Liver contained a smaller fraction organic
mercury, averaging approximately 23% organic mercury.  Marine mammals are principally exposed to
methylmercury, which is the main physico-chemical form of storage in fish (Caurant et al., 1996). 
Although demethylation by liver may serve as a means of protecting the marine mammal against adverse
effects of methylmercury, the presence of organic mercury in the marine mammal’s muscle means that
consumption of flesh from these mammals will result in exposure to organic mercury.


Jensen et al. (1997) in the Canadian Arctic Contaminants Assessment Report identified wide
variability in the consumption of fish and marine mammals by various aboriginal groups.  Chan (1997)
summarized results from an extensive number of dietary surveys of Northern peoples from the Dene
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(registered Indian) communities and the Inuit communities (Tables 4-38 and 4-39).  The Dene were
estimated to have a mean consumption of 80 grams/day of fish.  The Inuit communities were estimated to
have a fish consumption of 42 grams/day, a marine mammal consumption of approximately 230
grams/day 


Table 4-38
Mercury Concentrations (µg Hg/g wet weight) in Traditional Foods Consumed


by Canadian Aboriginal Peoples
(Modified from Chan, 1997)


Food Group Number of Number of  Arithmetic Standard Maximum
Sites Samples Mean Deviation


Marine Mammal Meat 32 764 0.85 1.05 33.4


Marine Mammal
Blubber


6 71 0.08 0.05 0.13


Terrestrial Mammal
Meat


6 19 0.03 0.02 0.17


Terrestrial Mammal
Organs


14 254 0.86 0.90 3.06


Fish 799 31,441 0.46 0.52 12.3


Birds 24 216 0.38 0.59 4.4


Plants 8 14 0.02 0.02 0.05


Table 4-39
Estimated Daily Intake of Mercury Using Contaminant Data Base and Dietary Information from


Dene and Inuit Communities in Canada
(Adapted from Chan, 1997)


Food Group Dene Community Inuit Community


Food Mercury Food Mercury
(g/day) (µg/day) (g/day) (µg/day)


Marine Mammal Meat 0 0 199 170


Marine Mammal Blubber 0 0 30 2


Terrestrial Mammal Meat 205 6 147 4


Terrestrial Mammal 23 20 1 1
Organs


Fish 80 13 42 7


Birds 8 1 2 1


Plants 2 0 2 0.0


Total 318 40 423 185
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(199 grams of meat and 30 grams of blubber).  These mean consumptions were associated with a mercury
intake of 39 µg mercury/day for the Dene community and 185 µg mercury/day for an Inuit community. 
For the Inuit community, 170 µg mercury/day came from marine mammal meat.
4.2 Trends in Fish and Shellfish Consumption in the United States


Description of long-term trends in fish and shellfish consumption are based on data provided by
the National Marine Fisheries Service of the U.S. Department of Commerce.  Detailed information on
trends in the 1990s, and forecasts for future production and consumption of fish and shellfish, are based
on projections described in the Annual Report on the United States Seafood Industry published by H.M.
Johnson & Associates (1997).


4.2.1 Fish and Shellfish Consumption: United States, 1975 to 1995


Data for the U.S. consumption and utilization of fish and shellfish have been obtained from the
World Wide Web (http://remora.ssp.mnfs.gov/commercial/landings/index.html).  Landings are reported
in pounds of round (i.e., live) weight for all species or groups except univalve and bivalve molluscs, such
as clams, oysters, and scallops.  For the univalves and bivalve molluscs, landings are reported as pounds
of meat which excludes shell weight.  Landings to not include aquaculture products except for clams and
oysters.  Aquaculture products are an increasing source of fish and shellfish for some species of seafood
(Johnson 1997).


U.S. per capita consumption of commercial fish and shellfish has increased from the early part of
this century until present.  The major increases occurred post-1970.  In 1910, for example,  U.S. citizens
consumed an average of 11.0 pounds (edible meats) of commercial fish and shellfish.  The consumption
in 1970 was 11.8 pounds per capita, but by 1990 had increased to 15.0 pounds per capita.


Two major differences are associated with this trend.  First, there was a major increase in
population from 92.2 million persons in 1910, to 201.9 individuals in 1970s, and 247.8 million citizens in
1990.  In 1995 (the latest year this source provide statistics), the civilian resident population was
estimated at 261.4 million persons.  Combined with increased consumption on a per capita basis, the
seafood market has dramatically increased throughout this century.


The second major change was in availability of transportation and in food processing.  Changes
between 1910 and 1995 are shown in Table 4-40.  Consumption of cured fish dramatically decreased
from about 36% of per capita intake in 1910, to 2.0% in 1990.  Fresh or frozen fish were about 40% of
per capita intake in 1910 and increased to about 67% (two-thirds) of fish and shellfish intake by 1990 and
1995.  The consumption of canned fish and shellfish changed the least representing about one-fourth of
all fish/shellfish intake in 1910 and about one-third of intake in 1990 and 1995.


Table 4-40
Percent of Fish/Shellfish by Processing Type between 1910 and 1995


(Source: National Marine Fisheries Service, 1997)


Year Fresh/Frozen Canned Cured


1910 39.1 24.5 36.4


1970 58.5 38.1 4.0
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1990 64.7 33.3 2.0


1995 66.7 31.3 2.0


 


4.2.1.1 United States:  Major Imports and Exports of Fish and Shellfish


During the period 1990 through 1994 the United States was the second largest importer of seven
fishery commodity groups, as well as the second largest exporter of these groups.  The largest importer
was Japan and the third largest importer (after the United States) was France followed by Spain,
Germany, and Italy.  On a value basis, Canada in the second largest trading partner for the United States
after Japan (Johnson, 1997).


The top five exporters of seafood were Thailand, United States, Norway, Denmark, and China. 
Thailand is the leading supplier of seafood to the United States on a value basis, shipping primarily
shrimp (Johnson, 1997).  Canada was the leading seafood supplier on a volume basis (Johnson, 1997). 
The seven fishery commodity groups are:


1. Fish, fresh, chilled or frozen;
2. Fish, dried, salted, or smoked;
3. Crustaceans and mollusks, fresh, dried, salted, etc.;
4. Fish products and preparations, whether or not in airtight containers;
5. Crustacean and mollusk products and preparations, whether or not in airtight containers;
6. Oils and fats, crude or refined, or aquatic animal origin; and
7. Meals, soluble and similar animal food stuffs of aquatic animal origin.


4.2.1.2 U.S. Supply of Edible Commercial Fishery Products: 1990 and 1995


The supply of the products shown in Table 4-41 is expressed as round or live weight.  Any
comparison of these values with food consumption data must consider that the edible portion is smaller
than the live weight.  Factors for edible portion compared with live/round weight were published in the
National Research Council’s report on Seafood Safety (NRC/NAS, 1990).  Total U.S. consumption of
fish and shellfish must also include self-caught and recreationally caught fish, as well as other sources
that are not tabulated through commercial channels.


Table 4-41
U.S. Supply of Edible Commercial Fishery Products: 1990 and 1995


(Round or Live Weight in Million Pounds)
Source: National Marine Fisheries Service


Year Domestic Commercial Imports Total
Landings


Million Percent Million Percent Million
Pounds Pounds Pounds


1990 7,041 55.6 5,621 44.4 12,662


1995 7,783 56.8 5,917 43.2 13,700
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4.2.1.3 U.S. Annual Per Capita Consumption of Canned Fishery Products: 1990 and 1995


Canned tuna is the predominant type of canned fish consumed in the United States averaging
72.4% of all canned fish consumed per capita.  Table 4-42 shows U.S. annual per capita consumption of
canned fishery products in 1990 and 1995.


Table 4-42
U.S. Annual Per Capita Consumption of Canned Fishery Products: 1990 and 1995


(Pounds Per Capita)


Year Salmon Sardines Tuna Shellfish Other Total


1990 0.4 0.3 3.7 0.3 0.4 5.1


1995 0.5 0.2 3.4 0.3 0.3 4.7


4.2.1.4 U.S. Annual Per Capita Consumption of Fish Items: 1990 and 1995


In fresh and frozen fish products and shrimp, per capita consumption in these categories is shown
in Table 4-43 based on data from the National Marine Fisheries Service.  


Table 4-43
U.S. Annual Per Capita Consumption (in pounds*) of Certain Fishery Items: 1990 and 1995


Year Fillet and Steaks ** Sticks and Portions Shrimp 
(All Preparations)


1990 3.1 1.5 2.2


1995 2.9 1.2 2.5
* Product weight of fillets and steaks and sticks and portions, edible (meat) weight of shrimp.
** Data include ground fish and other species.  Data do not include blocks, but fillets could be made into blocks
from which sticks and portions could be produced.


4.2.1.5 Major Imported Fish and Shellfish Products


The two major fish/shellfish products imported into the United States in 1994 and 1995
(expressed by weight) were shrimp (621,618,000 pounds in 1994 and 590,634,000 pounds in 1995), and
tuna (including albacore, canned tuna, and other tuna: 707,426,000 pounds in 1994 and 711,241,000
pounds in 1995).  Approximately 28% of imported tuna was imported as albacore tuna and about 33%
was imported as canned tuna.  Shrimp imports were not differentiated by species of shrimp or country of
origin in the national Marine Fisheries Service statistics.
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4.2.2 Current Market Trends, 1996


The following data on current market trends in the seafood industry are abstracted from the 1997
Annual Report on the United States Seafood Industry describing 1996 data on seafood by H.M. Johnson
& Associates (Johnson, 1997). 


The world commercial fish and shellfish supplies increased from 109.6 thousand metric tons in
1994 to 112.0 thousand metric tons in 1995.  Aquaculture provided the largest boost to world supply in
1995 increasing 13.6% over the previous year.  During this period (1995 to 1996) capture fisheries
declined by 0.1 metric tons.  Aquaculture represents 26% of all world food fish (total supply less
reduction fish) products.


The Food and Agriculture Organization examined long-term trends in 77 major fish resources
(representing 77% of the world marine fish landings) are concluded that 35% of the resources were
“overfished,” 25% were “fully fished,” and 40% had remaining capacity for expansion (FAO, 1996; as
cited by Johnson, 1997).


Aquaculture


World aquaculture continued to increase with 1995 production increased by 14% to 20.9 million
metric tons (Johnson, 1997).  Five Asian countries (China, India, Japan, Republic of Korea, and the
Philippines) supplied 80% of aquaculture-raised fish/shellfish.  World-wise aquaculture is predicted by
the Food and Agriculture Organization to continued to increase fish and shellfish production beyond the
years 2000.


Within the United States, domestic finfish aquaculture increased in 1996.  The major increases
were in catfish production.  Catfish production very much dominates the U.S. finfish aquaculture
production yielding approximately 475 million pounds round weight/year.  Tilapia harvests were higher
in 1996, however, trout and salmon production declined.  Salmon, trout, and tilapia production are
substantially smaller than catfish production.  Yields from U.S. aquaculture for salmon, trout, and tilapia
were under 50 million pounds for each of these species.


4.2.3 Patterns in Fish and Shellfish Consumption: United States, 1996


4.2.3.1 Overall Patterns


Between 1995 and 1996 there was a 0.2 pound decrease in per capita consumption of seafood in
the United States.  The principal decline was in canned tuna.  The top ten seafoods consumed (expressed
as pounds consumed per capita) were: canned tuna (3.2), shrimp (2.5), Alaska Pollock (1.6); salmon
(1.4); cod (just under 1 pound); catfish (approximately 0.9 pounds); clams (approximately 0.5 pounds),
flatfish (0.4 pounds), crab (approximately 0.3), and scallops (0.3).  The source of these data are the
National Marine Fisheries Service and the 1997 Annual Report on the United States Seafood Industry
(Johnson, 1997).


4.2.3.2 Fish Intake among Adults


Analysis of the frequency of reporting of fish/shellfish and menu items containing fish and
shellfish was carried out using data from CSFII 1994 and CSFII 1995.  Seasons were grouped into six
two-month intervals; i.e., Jan/Feb, Mar/Apr, etc.  Data for the 10 most commonly consumed menu items
are shown in Table 4-44.  The most frequently reported menu items are “seafood salads and seafood and
vegetable dishes.”  Although other fishery products are possible, this menu category typically describes
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dishes made with tuna, surimi (i.e., Alaska pollock), crab, salmon or other canned fish or shellfish. 
Overall, these dishes represent about 20% of overall seafood consumption.  This major group is followed
by shrimp, canned tuna, the group “Seafood cakes, fritters, and casseroles without vegetables”. 
Identified finfish commonly consumed include salmon, cod, catfish, flounder, trout, seabass, ocean
perch, haddock, and porgy.  Although specific finfish are identified as among the top ten consumed over
six seasons, they follow consumption of processed fishery products; e.g., salads, fritters, “fast food”
fillets, and shrimp.


Table 4-44
Ten Most Commonly Reported Fish/Shellfish/Mixed Dishes by Season


CSFII 1994 and CSFII 1995 — Day 1 Data


Ranking
Season


Jan/Feb Mar/Apr May/Jun Jul/Aug Sep/Oct Nov/Dec


1st Seafood Seafood Seafood Seafood Seafood Seafood
salads, & salads, & salads, & salads, & salads, & salads, &
seafood & seafood & seafood & seafood & seafood & seafood &
vegetable vegetable vegetable vegetable vegetable vegetable
dishes, dishes, dishes, dishes, dishes, dishes,
17.6% 16.9% 24.5% 23.2% 15.4% 20.0%


2nd Shrimp, Shrimp, Shrimp, 9.5% Seafood Tuna, canned Shrimp,
11.2% 10.5% cakes, fritters, 12.0% 11.1%


& casseroles
w/o
vegetables,
7.9%


3rd Seafood Tuna, canned, Tuna, canned, Tuna, canned Shrimp, Seafood
cakes, fritters 10.1% 6.8% 7.5% 11.5% cakes, fritters
& casseroles & casseroles
w/o w/o
vegetables, vegetables,
8.8% 10.0%


4th Catfish, 8.3% Seafood Seafood Salmon, 6.8% Seafood Fish
cakes, fritters, cakes, fritters, cakes, fritters, stick/fillet,
& casseroles & casseroles & casseroles 9.4%
w/o w/o w/o
vegetables, vegetables, vegetables,
8.1% 6.4% 8.7%


5th Fish Cod, 5.6% Fish Shrimp, 6.4% Fish Fish
stick/fillet stick,fillet stick/fillet, stick/fillet,
7.8% 5.5% 6.7% 9.4%







Table 4-44 (continued)
Ten Most Commonly Reported Fish/Shellfish/Mixed Dishes by Season


CSFII 1994 and CSFII 1995 — Day 1 Data


Ranking
Season


Jan/Feb Mar/Apr May/Jun Jul/Aug Sep/Oct Nov/Dec
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6th Tuna, canned, Salmon, Salmon, 4.5% Fish Cod, Tuna, canned
6.3% 5.2%, stick/fillet, 6.3% 7.8%


5.4%


7th Salmon, 3 Fish, Seafood Catfish, Fish, Salmon, 4.4%
unspecified, sandwiches, 4.6% unspecified
4.8% 4.1% 4.8%


8th Trout, 2.4% Seafood Fish, Cod, Flounder, Fish
sandwiches, unspecified 4.6% 4.3% unspecified,
4.0% 3.6% 4.4%


9th Shellfish Seafood Sea bass, Ocean perch, Salmon, Haddock,
dishes in soups & 3.2% 3.2% 3.4% 3.9%,
sauce, 2.4% casseroles Frozen


with seafood
vegetables, dinners, 3.9%
3.6%


10th Frozen Porgy, 3.6% Trout, Perch, Catfish, 2.9% Flounder,
seafood 2.7% 3.2% 3.3%
dinners, 2.4%


Communications with experts in the seafood industry as well as the import/export and
productions statistics published by the National Marine Fisheries Service and the Food and Agriculture
Organization) indicate the predominant species of fish and shellfish are the various species of tuna,
shrimp, and the Alaskan pollock.  Superimposed on these broad national trends in fish/shellfish
consumption, are regional trends in fish/shellfish consumption.  Table 4-45 describes regional popularity
of fish species within the United States.
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Table 4-45
Regional Popularity of Fish and Shellfish Species


Region Most Popular Fish Consumed


East Coast haddock, cod*, flounder, lobster, blue crab,
shrimp


South shrimp, catfish, grouper, red snapper, blue crab


West Coast salmon, dungeness crab, shrimp, rockfish


Mid-West Perch, Walleye, Chubs, Multiple Varities of
Freshwater Fish


* In the late 1990s, cod has been replaced on menus largely by Alaskan pollock.
   


These impressions are supported by descriptions of the best-selling fish/shellfish species in
various types of restaurants as shown in Table 4-46 (Seafood Business magazine cited by Johnson, 1997,
page 71).


Table 4-46
Popularity of Fish/Shellfish Species in Restaurants


Rank First Second Third


By Region:


  North East Salmon Shrimp Swordfish


  South Shrimp Salmon Catfish


  Midwest Salmon Shrimp Cod*


  West/Pacific Salmon Shrimp Halibut


By Restaurant Style:


  “Fast Food” Cod*/Shrimp Clams/Scallops Tuna


  “Dinnerhouse” Shrimp Salmon Lobster


  “White Tablecloth” Salmon Shrimp Swordfish


By Overall Sales:


  1996 Shrimp Salmon Cod*


  1995 Cod* Shrimp/Salmon Swordfish


  1994 Cod* Shrimp/Salmon Swordfish


  1993 Cod* (& All Shrimp Hoki
Whitefish)







Rank First Second Third
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  1992 Cod* (& All Shrimp Crab
Whitefish)


* In the late 1990s, cod has been replaced on menus largely by Alaskan pollock.


Although the species shown in Tables 4-45 and 4-46 are popular regionally, for the United States
as a whole, the national statistics indicate major fish consumed are: tuna, shrimp, and Alaskan pollock.  


4.2.3.3 Fish and Shellfish Consumption by Children


The NHANES III data were analyzed to determine the species of fish and shellfish consumed by
children in the age categories 1-to-5 years, 6-to-11 years, and 12-to-14 years for male and female survey
respondents.  Specific choices by age groups are shown in Table 4-47.  The top four fish dishes for all
age categories of children were: 


• fish sticks and patties,
• tuna salad and canned tuna,
• shrimp, and 
• catfish.  


Table 4-47
Frequencies of Various Fish and Shellfish Food Types
for Children Ages 1 to 5 and 6 to 11 Years by Gender


(Source: NHANES III)


Food Type Frequency of Various Food Types


Ages 1-5 Years Ages 6-11 Ages 12-14


Females Males Females Males Females Males


Fish Sticks/Patties 23% 21% 23% 25% 21% 21%


Tuna Salad/
Canned Tuna


33% 27% 26% 19% 25%
28%


Shrimp 8% 6% 11% 10% 12% 12%


Catfish 5% 5% 5% 10% 9% 4%


All Other fish and Shellfish 31% 41% 35% 36% 30% 33%


Total 100% 100% 100% 100% 100% 100%


4.2.4 Production Patterns and Mercury Concentrations for Specific Fish and Shellfish Species


Four species of fish are important predictors of  methylmercury exposure because of the
frequency with which these are consumed by the overall population.


4.2.4.1 Tuna
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Although consumption of canned tuna continues to fall (Johnson, 1997), tuna (canned and fresh
or frozen) continues to be the most commonly consumed fish based on data from contemporary surveys
of food intake by individuals.  The mercury concentration of tuna varies with species reflecting
variability in fish size and geographic location.


The mean mercury concentration in tuna is 0.206 µg/gram based on data from NMFS.  This
represents an average for the mean concentrations measured in three types of tuna: albacore tuna (0.264
µg/g), skipjack tuna (0.136 µg/g, and yellowfin tuna (0.218 µg/g).  Data cited by U.S. FDA (1978)
indicate the following mean (maximum) values in µg/g for various tuna species: tuna, light skipjack,
0.144 (0.385); tuna light yellow, 0.271 (0.870); tuna, white 0.350 (0.904).  Cramer (1994) observed that
recent U.S. FDA surveys indicated that the mean mercury content of 1973 samples of canned tuna was
0.21 µg/g, whereas a 1990s survey of 245 samples of canned tuna was 0.17 µg/g mercury.  


4.2.4.2 Shrimp


Shrimp consumption based on contemporary nationally representative surveys in the United
States continues to be a top-ten seafood choice by both adults and children.  World shrimp supplies are in
excess of 3,000,000 metric tons (Johnson, 1997) with approximately one-sixth of the production grown
by aquaculture.  This amounts to approximately 500,000 metric tons grown by aquaculture.  The United
States is a net importer of shrimp with major suppliers (in order of the quantity imported into the United
States) Thailand, Ecuador, Mexico, and India (Johnson, 1997).


The overall averaged mercury concentration in marine shrimp reported by the NMFS is 0.047
µg/g.  This is an average of the mean concentrations measured in seven types of shrimp: royal red shrimp
(0.074 µg/g), white shrimp (0.054 µg/g), brown shrimp; (0.048 µg/g), ocean shrimp (0.053 µg/g), pink
shrimp (0.031 µg/g), pink northern shrimp (0.024 µg/g), and Alaska (sidestripe) shrimp (0.042 µg/g). 
Data cited by U.S. FDA (1978) indicate a mean value of 0.040 with a maximum of 0.440 µg/g.  


Shrimp consumed in the United States are predominantly imported from Thailand, Ecuador, and
India.  The authors of the Report to Congress have not identified data specifically reporting mercury
concentrations in shrimp from the countries which are currently the major suppliers of shrimp to the
United States.


4.2.4.3 Pollock


The Alaskan pollock dominates the U.S. seafood industry.  In 1996, pollock landings totaled 2.6
billion pounds (Johnson, 1997).  Pollock is the fish species used in preparation of fish sticks, fish
sandwiches served by various “fast food” restaurant franchises in the United States, artificial “crab” or
surimi.


The mercury concentration attributed to pollock is 0.15 µg/g based on NMFS data.  Data cited by
U.S. FDA indicate a mean mercury concentration for pollock of 0.141 (maximum value, 0.96 µg/g). 


4.2.4.4 Salmon


Salmon is a highly important fish species based on frequency of consumption of both the canned
and fresh product.  Species include: chinook, coho, chum, sockeye, and pink.  Production has declined in
the United States between 1995 and 1996, although the world supply of salmon has continued to grow. 
Salmon is one of the major fish species grown by aquaculture with production of approximately 50
million pounds per year in the United States.
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The mercury content used for salmon was the average of the mean concentrations measured in
five types of salmon: pink (0.019 µg/g), chum (0.030 µg/g), coho (0.038 µg/g), sockeye (0.027 µg/g), and
chinook (0.063 µg/g).  Salmon that is raised by aquaculture based on consumption of corn and soy
products may have lower mercury concentrations because of the low mercury concentration of the
vegetable products fed to the aquaculture-raised salmon.  Data cited by U.S. FDA (1978) indicated a
mean value for salmon of 0.040 (maximum 0.201).


4.2.4.5 Catfish


Catfish ranks in the top ten fish produced and consumed.  Catfish dominates the aquaculture
production in the United States with production of approximately 475 million pounds round (i.e., live)
weight.   The mercury concentration of freshwater catfish used in the Mercury Study Report to Congress
was 0.088 µg/g.  Data cited by U.S. FDA (1978) indicate a mean value of 0.146 µg/g (with a maximum
value of 0.38 µg/g).   As with salmon, catfish raised by aquaculture on vegetable products (e.g., corn and
soy) are predicted to have lower mercury concentrations than capture catfish. 


4.3 Mercury Concentrations In Fish


Mercury concentrations in marine, estuarine, and freshwater fish were obtained from data bases
maintained for marine and estuarine fish and shellfish (National Marine Fisheries Service, 1978) and
freshwater fish (Lowe et al., 1985; and Bahnick et al., 1994).  These data combined with estimates of
fish/shellfish consumption from various dietary surveys form the basis for predicted mercury exposures
through fish and shellfish.


4.3.1 National Marine Fisheries Service Data Base


Analyses of total mercury concentrations in marine and estuarine fish and shellfish have been
carried out over the past two to three decades.  Data describing methylmercury concentrations in marine
fish were predominantly based on the National Marine Fisheries’ Service (NMFS) data base, the largest
publicly available data base on mercury concentrations in marine fish.  In the early 1970s, the NMFS
conducted testing for total mercury on over 200 seafood species of commercial and recreational interest
(Hall et al., 1978).  The determination of mercury in fish was based on flameless (cold vapor) atomic
absorption spectrophotometry following chemical digestion of the fish sample.  These methods were
described in Hall et al. (1978). 


Although the NMFS data were initially compiled beginning in the 1970s, comparisons of the
mercury concentration identified in the NMFS’s data base with compliance samples obtained by the U.S.
FDA indicate that the NMFS data are appropriate to use in estimating intake of mercury from fish at the
national level of data aggregation.  Cramer (1994) of the Office of Seafood of the Center for Food Safety
and Applied Nutrition of the U.S. FDA reported on Exposure of U.S. Consumers to Methylmercury from
Fish.  He noted that recent information from NMFS indicated that the fish mercury concentrations
reported in the 1978 report do not appear to have changed significantly. The U.S. FDA continues to
monitor methylmercury concentration in seafood.  Cramer (1994) observed that results of recent U.S.
FDA surveys indicate results parallel to earlier findings by U.S. FDA and NMFS.  To illustrate, Cramer
estimated the mean methylmercury content of the 1973 samples of canned tuna at 0.21 µg/g mercury,
whereas a recently completed survey of 245 samples of canned tuna was 0.17 µg/g mercury.  These data
are considered to be comparable, although the small decrease reported between these two studies may
reflect increased use in canned tuna of tuna species with slightly lower average methylmercury
concentrations.  The National Academy of Sciences’ National Research Council’s Subcommittee on
Seafood Safety (1991) also assessed the applicability of the NMFS' 1970s data base to current estimates
of mercury concentrations in fish.  This subcommittee also concluded that the 1978 data base differed
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little in mercury concentrations from U.S. FDA compliance samples estimating mercury concentrations
in fish.


Assessment of this data base by persons with expertise in analytical chemistry and patterns of
mercury contamination of the environment have indicated that temporal patterns in mercury
concentrations in fish do not preclude use of this data base in the present risk assessment (US EPA’s
Science Advisory Board’s ad hoc Mercury Subcommittee; Interagency Peer Review Group, External Peer
Review Group).  One issue that did arise, however, concerned how zero and trace values were entered
into calculation of mean mercury concentrations.  This has been evaluated statistically through
comparison of mean values when different approaches were taken to mathematically calculated means
under different assumptions of inclusion of zero and trace values.  


The NMFS Report provided data on number of samples, number of nondetects, and mean,
standard deviation, minimum and maximum mercury levels (in parts per million wet weight) for 1,333
combinations of fish/shellfish species, variety, location caught, and tissue (Hall et al., 1978).  This data
base includes 777 fish/shellfish species for which mercury concentration data are provided.  This
represents 5,707 analyses of fish and shellfish tissues for total mercury, of which 1,467 or 26%, are
reported as nondetectable levels.  Because the mercury concentration data are used in our analyses at the
species level, not at the more detailed species/variety/location/tissue level, the data have been grouped to
reflect 35 different fish/shellfish species.


The frequency of nondetectable or “zero” values differs with the mercury concentration.  When
mean mercury levels are relatively “large”, there are few, if any, nondetects, so the methodology
employed to handle nondetects is irrelevant.  When mean mercury levels are small, there are relatively
large numbers of nondetectable values.  Because the method of including/excluding nondetectable values
in the calculation has the greatest impact only when mercury concentrations are very low, the overall
impact on estimated mercury exposure is small.


A statistical assessment of these potential differences was carried out by Westat Corporation
(Memo from Robert Clickner, September 26, 1997).  A description of the statistical basis for the
comparison is shown in Appendix C.  To determine the detection limit applicable to the data base, the
lowest of all detected analytical values was presumed to be the detection limit.  This value is 0.010 µg/g
wet weight.  The major conclusion of this analysis is that different methods of handling nondetects have
negligible impact on the reported mean concentrations.  Consequently the mean values as reported by the
NMFS will be used in preparing estimates of mercury intake from marine and estuarine fish and
shellfish.  


Mercury concentration in various fish species are shown in Table 4-48.


Table 4-48
Summary of Mercury Concentrations in Fish Species


(µg Hg/g fresh weight)







Table 4-48 (continued)
Summary of Mercury Concentrations in Fish Species


(µg Hg/g fresh weight)
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Data Used by USEPA Data Used by US FDA Data Used by  Stern et al.


Mercury Study Report to Report on the Chance of U.S. 1996
Congress* Seafood Consumers Exceeding "The Current


1997 Regulatory Controls"
Daily Intake for Mercury and Recommended


1978


Fish Species Average Fish Species Average Maximum Fish Average
(�g Hg/g) (�g Hg/g) (�g Hg/g) Species (�g Hg/g)


Abalone 0.016 Abalone 0.018 0.120 Not
Reported
(NR)


Anchovies 0.047 Anchovies 0.039 0.210 NR


Bass, Avgs.= 0.157 Bass, 0.752 2.000 Bass, 0.41
Freshwater (Lowe et al., Striped freshwater


1985) and
0.38 (Bahnick
et al., 1994)


Bass, Sea Not Reported Bass, Sea 0.157 0.575 Bass, Sea 0.25


Bluefish Not Reported Bluefish 0.370 1.255 Bluefish 0.35


Bluegills 0.033 Bluegills 0.259 1.010 NR


Bonito Not Reported Bonito 0.302 0.470 NR
(below
3197)


Bonito Not Reported Bonito 0.382 0.740 NR
(above
3197)


Butterfish Not Reported Butterfish 0.021 0.190 Butterfish 0.05


Carp, 0.093 Carp 0.181 0.540 Catfish, 0.15
Common freshwater


Catfish 0.088 Catfish 0.146 0.380 Clams 0.05
(channel,large (freshwater)
mouth, rock,
striped, white)


Catfish Not Reported Catfish 0.475 1.200 Cod/Scrod 0.15
(Marine) (Marine)


Clams 0.023 Clams 0.049 0.260 See crab.


Cod 0.121 Cod 0.125 0.590 Crab 0.15


Crab, King 0.070; Crab, King 0.070 0.240 NR
Calculations
based on 5
species of crab
combined at
0.117







Table 4-48 (continued)
Summary of Mercury Concentrations in Fish Species


(µg Hg/g fresh weight)


Data Used by USEPA Data Used by US FDA Data Used by  Stern et al.


Mercury Study Report to Report on the Chance of U.S. 1996
Congress* Seafood Consumers Exceeding "The Current


1997 Regulatory Controls"
Daily Intake for Mercury and Recommended


1978


Fish Species Average Fish Species Average Maximum Fish Average
(�g Hg/g) (�g Hg/g) (�g Hg/g) Species (�g Hg/g)
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Crab 0.117 Crab, other 0.140 0.610 NR
than King


Crappie 0.114 Crappie 0.262 1.390 NR
(black, white)


Croaker 0.125 Croaker 0.124 0.810 NR


Dolphin Not Reported Dolphin 0.144 0.530 Dolphin 0.25
(Mahi-
mahi)


Drums, 0.117 Drums 0.150 0.800 NR
Freshwater


Flounders 0.092 Flounders 0.096 0.880 Flounder 0.10


Groupers Groupers 0.595 2.450 NR


Haddock 0.089 Haddock 0.109 0.368 Haddock 0.05


Hake 0.145 Hake 0.100 1.100 Hake 0.10


Halibut 0.250 Halibut 4 0.187 1.000 Halibut 0.25


Halibut 0.250 Halibut 3 0.284 1.260 Halibut 0.25


Halibut 0.250 Halibut 2H 0.440 1.460 Halibut 0.25


Halibut 0.250 Halibut 25 0.534 1.430 Halibut 0.25


Herring 0.013 Herring 0.023 0.260 Herring 0.05


Kingfish 0.100 Kingfish 0.078 0.330 Kingfish 0.05


Lobster 0.232 Lobster, 0.339 1.603 Lobster 0.25
Northern 11


Lobster 0.232 Lobster 0.509 2.310 Lobster 0.25
Northern 10


Lobster 0.232; Lobster,Spin 0.113 0.370 Lobster 0.25
Spiny Includes spiny y


(Pacific)
lobster=0.210 







Table 4-48 (continued)
Summary of Mercury Concentrations in Fish Species


(µg Hg/g fresh weight)


Data Used by USEPA Data Used by US FDA Data Used by  Stern et al.


Mercury Study Report to Report on the Chance of U.S. 1996
Congress* Seafood Consumers Exceeding "The Current


1997 Regulatory Controls"
Daily Intake for Mercury and Recommended


1978


Fish Species Average Fish Species Average Maximum Fish Average
(�g Hg/g) (�g Hg/g) (�g Hg/g) Species (�g Hg/g)
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Mackerel 0.081; Mackerel, 0.048 0.190 Mackerel 0.28
Averaged Atlantic
Chub = 0.081;
Atlantic=
0.025;
Jack=0.138


Mackerel 0.081 Mackerel, 0.267 0.510 Mackerel 0.28
Jack


Mackerel 0.081 Mackerel, 0.823 2.730 Mackerel 0.28
King (Gulf)


Mackerel 0.081 Mackerel, 1.128 2.900 Mackerel 0.28
King (other)


Mackerel 0.081 Mackerel, 0.542 2.470 Mackerel 0.28
Spanish 16


Mackerel 0.081 Mackerel, 0.825 1.605 Mackerel 0.28
Spanish 10


Mullet 0.009 Mullet 0.016 0.280 Mullet 0.05


Oysters 0.023 Oysters 0.027 0.460 NR


Perch, 0.110 Perch, 0.290 0.880 Perch 0.18
White and Freshwater
Yellow


Perch, 0.116 Perch, 0.133 0.590 NR
Ocean Marine


Pike, 0.310 Pike 0.810 1.710 NR
Northern 0.127


Pollock 0.150 Pollock 0.141 0.960 NR


Pompano 0.104 Pompano 0.104 8.420 NR


Rockfish Not Reported Rockfish 0.340 0.930 NR


Sablefish Not Reported Sablefish 0.201 0.700 NR


Salmon 0.035 Salmon 0.040 0.210 Salmon 0.05


Scallops 0.042 Scallops 0.058 0.220 NR


Scup Not Reported Scup 0.106 0.520 NR







Table 4-48 (continued)
Summary of Mercury Concentrations in Fish Species


(µg Hg/g fresh weight)


Data Used by USEPA Data Used by US FDA Data Used by  Stern et al.


Mercury Study Report to Report on the Chance of U.S. 1996
Congress* Seafood Consumers Exceeding "The Current


1997 Regulatory Controls"
Daily Intake for Mercury and Recommended


1978


Fish Species Average Fish Species Average Maximum Fish Average
(�g Hg/g) (�g Hg/g) (�g Hg/g) Species (�g Hg/g)
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Sharks 1.327 Sharks 1.244 4.528 Shark 1.11


Shrimp 0.047 Shrimp 0.040 0.440 Shrimp 0.11


Smelt 0.100 Smelt 0.016 0.058 Smelts 0.05


Snapper 0.25 Snapper,Red 0.454 2.170 Snapper 0.31


Snapper 0.25 Snapper, 0.362 1.840 Snapper 0.31
Other


Snook Not Reported Snook 0.701 1.640 NR


Spot Not Reported Spot 0.041 0.180 Spotfish 0.05


Squid 0.026 Squid and 0.031 0.400 Squid 0.05
Octopi


Octopi 0.029 Squid and 0.031 0.400 NR
Octopi


Sunfish Not Reported Sunfish 0.312 1.200 NR


Swordfish 0.95 Swordfish 1.218 2.720 Swordfish 0.93


Tillefish Not Reported Tillefish 1.607 3.730 NR


Trout, 0.149 Trout, 0.417 1.220 Trout 0.05
Freshwater


Trout 0.149 Trout, 0.212 1.190 Trout 0.05
Marine


Tuna 0.206; Tuna, 0.144 0.385 Tuna, 0.17
Averaged: Light fresh
Tuna, light Skipjack
skipjack=0.13
6Tuna,light
yellow=0.218;
Albacore=0.2
64


Tuna 0.206 Tuna, 0.271 0.870 Tuna, 0.17
Light fresh
Yellow


Tuna 0.206 Tuna, White 0.350 0.904 Tuna, 0.17
fresh


Whitefish Not Reported Whitefish 0.054 0.230 Whitefish 0.04







Table 4-48 (continued)
Summary of Mercury Concentrations in Fish Species


(µg Hg/g fresh weight)


Data Used by USEPA Data Used by US FDA Data Used by  Stern et al.


Mercury Study Report to Report on the Chance of U.S. 1996
Congress* Seafood Consumers Exceeding "The Current


1997 Regulatory Controls"
Daily Intake for Mercury and Recommended


1978


Fish Species Average Fish Species Average Maximum Fish Average
(�g Hg/g) (�g Hg/g) (�g Hg/g) Species (�g Hg/g)
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Other finfish Other finfish 0.287 1.020 Finfish, 0.17
other


Other shellfish Not Shellfish, 0.12
Reported other


Fish Species (Freshwater) Not Reported by FDA, 1978


Bloater 0.0.93


Smallmouth 0.096
Buffalo


Northern 0.33
Squawfish


Sauger 0.23


Sucker 0.114 (Lowe
et al., 1985;
0.167
(Bahnick et
al., 1994).


Walleye 0.100 (Lowe
et al., 1985)
and 0.52
(Bahnick et
al., 1994).


Trout (brown, 0.149 (Lowe
lake, rainbow) et al., 1985)


and 0.14
(Bahnick et
al., 1994 for
brown trout).


Fish Species Reported by the State of New Jersey 
and Not Reported by EPA or FDA


Blowfish 0.05


Orange roughy 0.5


Sole 0.12


Weakfish 0.15


Porgy 0.55







Table 4-48 (continued)
Summary of Mercury Concentrations in Fish Species


(µg Hg/g fresh weight)


Data Used by USEPA Data Used by US FDA Data Used by  Stern et al.


Mercury Study Report to Report on the Chance of U.S. 1996
Congress* Seafood Consumers Exceeding "The Current


1997 Regulatory Controls"
Daily Intake for Mercury and Recommended


1978


Fish Species Average Fish Species Average Maximum Fish Average
(�g Hg/g) (�g Hg/g) (�g Hg/g) Species (�g Hg/g)
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Blackfish 0.25


Whiting 0.05


Turbot 0.10


Sardines 0.05


Tilapia 0.05


* See Sections 4.3.1 and 4.3.2 for data on marine species, and Section 4.3.3 for data on freshwater fish.


4.3.2 Mercury Concentrations in Marine Fish


Data supplied by NMFS give the mercury concentrations in fresh weight of fish muscle of
numerous marine fish, shellfish, and other molluscan/crustacean species shown in Table 4-49, 4-50 and
4-51.


Table 4-49
Mercury Concentrations in Marine Finfish


Fish Mercury Concentration Source of Data
(�g/g, wet weight)


Anchovy 0.047 NMFS1


Barracuda, Pacific 0.177 NMFS2


Cod 0.121 NMFS3


Croaker, Atlantic 0.125 NMFS


Eel, American 0.213 NMFS


Flounder 0.092 NMFS4


Haddock 0.089 NMFS


Hake 0.145 NMFS5


Halibut 0.25 NMFS6


Herring 0.013 NMFS7


Kingfish 0.10 NMFS8







Table 4-49 (continued)
Mercury Concentrations in Marine Finfish


Fish Mercury Concentration Source of Data
(�g/g, wet weight)
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Mackerel 0.081 NMFS9


Mullet 0.009 NMFS10


Ocean Perch 0.116 NMFS11


Pollack 0.15 NMFS


Pompano 0.104 NMFS


Porgy 0.522 NMFS


Ray 0.176 NMFS


Salmon 0.035 NMFS12


Sardines 0.1 NMFS13


Sea Bass 0.135 NMFS


Shark 1.327 NMFS14


Skate 0.176 NMFS15


Smelt, Rainbow 0.1 NMFS


Snapper 0.25 NMFS16


Sturgeon 0.235 NMFS17


Swordfish 0.95 FDA Compliance Testing


Tuna 0.206 NMFS18


Whiting (silver hake) 0.041 NMFS


 This is the average of NMFS mean mercury concentrations for both striped anchovy (0.082 �g/g) and northern anchovy (0.0101


�g/g).
 USDA data base specified the consumption of the Pacific barracuda and not the Atlantic barracuda. 2


 The mercury content for cod is the average of the mean concentrations in Atlantic cod (0.114 �g/g and the Pacific cod (0.1273


�g/g).
 The mercury content for flounder is the average of the mean concentrations measured in 9 types of flounder: Gulf (0.147 �g/g),4


summer (0.127 �g/g), southern (0.078 �g/g), four-spot (0.090 �g/g), windowpane (0.151 �g/g), arrowtooth (0.020 �g/g), witch
(0.083 �g/g), yellowtail (0.067 �g/g), and winter (0.066 �g/g).
 The mercury content for hake is the average of the mean concentrations measured in 6 types of hake:  silver (0.041 �g/g),5


Pacific (0.091 �g/g), spotted (0.042 �g/g), red (0.076 �g/g), white (0.112 �g/g), and blue (0.405 �g/g).
 The mercury content for halibut is the average of the mean concentrations measured in 3 types of halibut: Greenland, Atlantic,6


and Pacific. 
 The mercury content for herring is the average of the mean concentrations measured in 4 types of herring: blueback (0.0 �g/g),7


Atlantic (0.012 �g/g), Pacific (0.030 �g/g), and round (0.008 �g/g).
 The mercury content for kingfish is the average of the mean concentrations measured in 3 types of kingfish: southern, Gulf, and8


northern. 
 The mercury content for mackerel is the average of the mean concentrations measured in 3 types of mackerel: jack (0.138 �g/g),9


chub (0.081 �g/g), and Atlantic (0.025 �g/g). 
 The mercury content for mullet is the average of the mean concentrations measured in 2 types of mullet: striped (0.011 �g/g)10


and silver (0.007 �g/g).
 The mercury content for ocean perch is the average of the mean concentrations measured in 2 types of ocean perch: Pacific11


(0.083 �g/g) and redfish (0.149 �g/g).
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 The mercury content for salmon is the average of the mean concentrations measured in 5 types of salmon: pink (0.019 �g/g),12


chum (0.030 �g/g), coho (0.038 �g/g), sockeye (0.027 �g/g), and chinook (0.063 �g/g).
 Sardines were estimated from mercury concentrations in small Atlantic herring.13


 The mercury content for shark is the average of the mean concentrations measured in 9 types of shark: spiny dogfish (0.60714


�g/g), (unclassified) dogfish (0.477 �g/g), smooth dogfish (0.991 �g/g), scalloped hammerhead (2.088 �g/g), smooth
hammerhead (2.663 �g/g), shortfin mako (2.539 �g/g), blacktip shark (0.703 �g/g), sandbar shark (1.397 �g/g), and thresher
shark (0.481 �g/g).


 The mercury content for skate is the average of the mean concentrations measured in 3 types of skate: thorny skate (0.20015


�g/g), little skate 0.135 �g/g) and the winter skate (0.193 �g/g).
 The mercury content for snapper is the average of the mean concentrations measured in  types of snapper:16


 The mercury content for sturgeon is the average of the mean concentrations measured in 2 types of sturgeon:green sturgeon17


(0.218 �g/g) and white sturgeon (0.251 �g/g).
 The mercury content for tuna is the average of the mean concentrations measured in 3 types of tuna: albacore tuna (0.26418


�g/g), skipjack tuna (0.136 �g/g) and yellowfin tuna (0.218 �g/g).


Table 4-50
Mercury Concentrations in Marine Shellfish


Shellfish Mercury Concentration Source of Data
   (�g/g, wet weight)


Abalone 0.016 NMFS1


Clam 0.023 NMFS2


Crab 0.117 NMFS3


Lobster 0.232 NMFS4


Oysters 0.023 NMFS5


Scallop 0.042 NMFS6


Shrimp 0.047 NMFS7


 The mercury content for abalone is the average of the mean concentrations measured in 2 types of abalone: green abalone1


(0.011 �g/g) and red abalone (0.021 �g/g).
 The mercury content for clam is the average of the mean concentrations measured in 4 types of clam: hard (or quahog) clam2


(0.034 �g/g), Pacific littleneck clam (0 �g/g), soft clam (0.027 �g/g), and geoduck clam (0.032 �g/g).
 The mercury content for crab is the average of the mean concentrations measured in 5 types of crab: blue crab (0.140 �g/g),3


dungeness crab (0.183 �g/g), king crab (0.070 �g/g), tanner crab (C.opilio) (0.088 �g/g), and tanner crab (C.bairdi) (0.102 �g/g).
 The mercury content for lobster is the average of the mean concentrations measured in 3 types of lobster: spiny (Atlantic)4


lobster (0.108 �g/g), spiny (Pacific) lobster (0.210 �g/g) and northern (American) lobster (0.378 �g/g).
 The mercury content for oyster is the average of the mean concentrations measured in 2 types of oyster: eastern oyster (0.0225


�g/g) and Pacific (giant) oyster (0.023 �g/g).
 The mercury content for scallop is the average of the mean concentrations measured in 4 types of scallop: sea (smooth) scallop6


(0.101 �g/g), Atlantic Bay scallop (0.038 �g/g), calico scallop (0.026 �g/g), and pink scallop (0.004 �g/g).
 The mercury content for shrimp is the average of the mean concentrations measured in 7 types of shrimp: royal red shrimp7


(0.074 �g/g), white shrimp (0.054 �g/g), brown shrimp (0.048 �g/g), ocean shrimp (0.053 �g/g), pink shrimp (0.031 �g/g), pink
northern shrimp (0.024 �g/g) and Alaska (sidestripe) shrimp (0.042 �g/g).
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Table 4-51
Mercury Concentrations in Marine Molluscan Cephalopods


Cephalopod Mercury Concentration Source of Data
(�g/g wet wt.)


Octopus 0.029 NMFS


Squid 0.026 NMFS1


 The mercury content for squid is the average of the mean concentrations measured in 3 types of squid: Atlantic1


longfinned squid (0.025 �g/g), short-finned squid (0.034 �g/g), and Pacific squid (0.018 �g/g)


4.3.3 Freshwater Fish Mercury Data Base


Freshwater fish mercury concentrations were reported by Lowe et al. (1985) and by Bahnick et
al. (1994).  Details of their analyses are presented separately from those on marine fish.  Lowe et al.
(1985) used flameless cold vapor technique absorption spectrophotometry in their analyses.  Mean
recovery for mercury averaged 96.6±14.4 (SD) based on 72 analyses of spiked samples.  Duplicate
analyses showed a percent difference of 10.6±14.4 (SD) based on 51 duplicates.  Values were reported as
the geometric means, minimum, and maximum of elemental mercury concentrations during 1978 to 1979
and during 1980 to 1981.  The limit of detection for mercury was 0.01 µg/g wet weight.  Standard
reference materials were included and resulted of their analysis are shown in Table 4-52.


Table 4-52
Analyses of Mercury Standard Reference Materials Used by Lowe et al. (1985)


 in Support of Analyses of Freshwater Fish


Mercury Reference Certified Number of Samples Measured
Material Concentration Range Analyzed Concentrations (µg/g:


(µg/g) mean ± 1SD)


bovine liver 0.016±0.002 53 0.021±0.007


oyster 0.057±0.015 14 0.050±0.005


tuna 0.95±0.10 32 0.86±0.07


Values of 0.01 µg mercury/g fish tissue are routinely reported in this data base.  Samples were
handled as individual fish.  Mercury residues were reported for all species and all locations.  The
geometric mean mercury concentrations for all freshwater fish species was 0.11 µg/g in 1978 to 1979 and
0.11 µg/g in 1980-1981.  The minimum value for both time periods was 0.01 µg/g and the maximum
value was 1.10 µg/g in 1978-1979 and 0.77 µg/g in 1980-1981.  The 85th percentile value in both time
periods was 0.18 µg/g.


Bahnick et al. (1994) used cold mercury vapor flameless atomic absorption and detected mercury
in 92.2% of the fish sampled.  Non-detects were reported as a zero value and averaged as zeros.  Two
separate detection limits were reported.  Prior to 1990, 465 samples were analyzed using a method having
a detection limit of 0.05 µg/g.  Modification of the method for the final 195 samples produced a detection 
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limit of 0.0013 µg/g.  The estimated standard deviation for replicate samples was 0.047 µg/g in the
concentration range of 0.08 to 1.79 µg/g.  Analysis of EPA reference fish having a reported experimental
mean value of 2.52 µg/g (s=0.64) produced a mean value for mercury of 2.87 (s=0.08) in this study.  The
mean value for the overall data set for 669 samples was 0.26 µg/g.  Mercury was detected in fish
collected from the 374 sites.


Because mercury emissions from the ambient sources considered in the current Report to
Congress have different impacts on global and local deposition, it was considered important to separate
fish species by habitat.  Specifically, global mercury cycling was judged to have its greatest impact on
marine species, whereas local deposition was considered more likely to affect estuarine and freshwater
fish and shellfish species.  The species were classified as shown in Table 4-14 on a classification system
described by Jacobs et al. (in press).


Central tendency estimates of seafood mercury concentrations were utilized in the report. This
seems appropriate since commercial seafood is widely distributed across the United States (Seafood
Safety, 1991).  The source of a particular fish purchase is generally not noted by the consumer (e.g.,
canned tuna).  As a result, a randomness and averaging may be achieved.  Additionally, only common
names of commercial seafood were utilized; specific species which could be considered to be that type of
fish were included in the central tendency estimate.  Again, typical consumers were assumed to generally
not be aware of the species of fish they were consuming, rather just the type.


As noted above, there are other estimates of mercury concentrations in seafood. After the
analysis of mercury exposure from seafood was completed for this Report, two other databases were
obtained:  U.S. FDA and Stern et al. (1996).  These data are presented in Table 4-51 for comparison with
those data used for this analysis.


4.3.4 Mercury Concentrations In Freshwater Fish


Estimation of average mercury concentrations in freshwater finfish from across the United States
required a compilation of measurements of fish mercury concentrations from randomly selected U.S.
water bodies.  A large number of sources of mercury concentrations in fish were not used in this part of
the assessment.  Mercury concentrations in fish have been analyzed for a number of years in many local
or regional water bodies in the United States; several of these studies are detailed in this Report.  Data
described in this body of literature are a collection of individual studies which characterize mercury
concentrations in fish from specific geographic regions such as individual water bodies or in individual
states.  Many of the studies were initiated because of a problem, perceived or otherwise, with mercury
concentrations in the fish or the water body.  Thus, the sample presented by a compilation of these data
may be biased toward the high-end of the distribution of mercury concentrations in freshwater fish. 
Additionally, the methods varied from study to study, and there is no way of determining the consistency
of the reported data from study to study.


Two studies, more national in scope, are thought to provide a more complete picture of mercury
concentrations in U.S. freshwater finfish populations:  "National Contaminant Biomonitoring Program: 
Concentrations of Seven Elements in Freshwater Fish, 1978-1981" by Lowe et al. (1985) and "A
National Study of Chemical Residues in Fish" conducted by U.S. EPA (1992) and also reported in
Bahnick et al. (1994).


Lowe et al. (1985) reported mercury concentrations in fish from the National Contaminant
Biomonitoring Program.  The freshwater fish data were collected between 1978-1981 at 112 stations
located across the United States.  Mercury was measured by a flameless cold vapor technique, and the
detection limit was 0.01 µg/g wet weight.  Most of the sampled fish were taken from rivers (93 of the 112
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sample sites were rivers); the other 19 sites included larger lakes, canals, and streams.  Fish weights and
lengths were consistently recorded.  A wide variety of types of fishes were sampled:  most commonly
carp, large mouth bass and white sucker.  The geometric mean mercury concentration of all sampled fish
was 0.11 µg/g wet weight; the minimum and maximum concentrations reported were 0.01 and 0.77 µg/g
wet weight, respectively.  The highest reported mercury concentrations (0.77 µg/g wet weight) occurred
in the northern squawfish of the Columbia River.  See Table 4-53 for mean mercury concentrations by
fish species.


Table 4-53
Freshwater Fish Mercury Concentrations from Lowe et al., (1985)


Species Mean Mercury Concentration µg/g 
(fresh weight)


Bass 0.157


Bloater 0.093


Bluegill 0.033


Smallmouth Buffalo 0.096


Carp, Common 0.093


Catfish (channel, largemouth, rock, striped, white) 0.088


Crappie (black, white) 0.114


Fresh-water Drum 0.117


Northern Squawfish 0.33


Northern Pike 0.127


Perch (white and yellow) 0.11


Sauger 0.23


Sucker (bridgelip, carpsucker, klamath, largescale, longnose, 0.114
rivercarpsucker, tahoe)


Trout (brown, lake, rainbow) 0.149


Walleye 0.100


Mean of all measured fish 0.11


"A National Study of Chemical Residues in Fish" was conducted by U.S. EPA (1992) and also
reported by Bahnick et al. (1994).  In this study mercury concentrations in fish tissue were analyzed. 
Five bottom feeders (e.g., carp) and five game fish (e.g., bass) were sampled at each of the 314 sampling
sites in the United States.  The sites were selected based on proximity to either point or non-point
pollution sources.  Thirty-five "remote" sites among the 314 were included to provide background
pollutant concentrations.  The study primarily targeted sites that were expected to be impacted by
increased dioxin levels.  The point sources proximate to sites of fish collection included the following: 
pulp and paper mills, Superfund sites, publicly owned treatment works and other industrial sites.  Data
describing fish age, weight, and sex were not consistently collected.  Whole body mercury concentrations
were determined for bottom feeders and mercury concentrations in fillets were analyzed for the game
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fish.  Total mercury levels were analyzed using flameless atomic absorption; the reported detection limits
were 0.05 µg/g early in the study and 0.0013 µg/g as analytical technique improved later in the analysis. 
Mercury was detected in fish at 92% of the sample sites.  The maximum mercury level detected was 1.8
µg/g, and the mean across all fish and all sites was 0.26 µg/g.  The highest measurements occurred in
walleye, large mouth bass and carp.  The mercury concentrations in fish around publicly owned treatment
works were highest of all point source data; the median value measured were 0.61 µg/g.  Paper mills
were located near many of the sites where mercury-laden fish was detected.  Table 4-54 contains the
mean mercury concentrations of the species collected by Bahnick et al. (1994).


Both the studies reported by Lowe et al. (1985) and by Bahnick et al. (1994) appear to be
systematic, national collections of fish pollutant concentration data.  Clearly, higher mercury
concentrations in fish have been detected in other analyses, and the values obtained in these studies
should be interpreted as a rough approximation of the mean concentrations in freshwater finfishes.  As
indicated in the range of data presented in Tables 4-53 and 4-54, as well as the aforementioned Tables in
Chapter 2, wide variations are expected in data on mercury concentrations in freshwater fish.


The mean mercury concentrations in all fish sampled vary by a factor of two between the studies. 
The mean mercury concentration reported by Lowe et al.(1985) was 0.11 µg/g, whereas the mean
mercury concentration reported by Bahnick et al. (1994) was 0.26 µg/g.  This difference can be extended
to the highest reported mean concentrations in fish species.  Note that the average mercury
concentrations in bass and walleye reported by Bahnick's data are higher than the northern squawfish,
which is the species with the highest mean concentration of mercury identified by Lowe et al. (1985).


The bases for these differences in methylmercury concentrations are not immediately obvious. 
The trophic positions of the species sampled, the sizes of the fish, or ages of fish sampled could
significantly increase or decrease the reported mean mercury concentration.  Older and larger fish, which
occupy higher trophic positions in the aquatic food chain, would, all other factors being equal, be
expected to have higher mercury concentrations.  The sources of the fish also influence fish mercury
concentrations.  Most of the fish obtained by Lowe et al. (1985) were from rivers.  The fate and transport
of mercury in river systems is less well characterized than in small lakes.  Most of the data collected by
Bahnick et al. (1994) were collected with a bias toward more contaminated/industrialized sites, although
not sites specifically contaminated with mercury.  It could be that there is more mercury available to the
aquatic food chains at the sites reported by Bahnick et al. (1994).  Finally, the increase in the more recent
data as reported in Bahnick et al. (1994) could be the result of temporal increases in mercury
concentrations.


There is a degree of uncertainty in the mercury concentrations selected for this assessment.  This
uncertainty reflects both the adequacy of the sampling protocol for this application and the known
variability in fish body burden.  The variability in these data is as broad as the range of reported
concentrations, which extends from non-detect (below 0.01 µg/g wet weight) up to 9 µg/g wet weight. 
Where possible, when specific freshwater fish species are described in the USDA 3-day consumption
studies, the mean methylmercury concentration for that particular species was derived in two separate
calculations based on the data on methylmercury concentration in the fish reported by Lowe et al. (1985)
and by Bahnick et al. (1994).


Data for mean mercury concentration in freshwater fish from Bahnick et al. (1994) were
combined with the U.S. consumption rates for freshwater fish from the CSFII 89-91, CSFII 1994, CSFII
1995, and NHANES III to estimate methylmercury intakes for the population.  The concentrations in the
fish utilized  are shown in Table 4-54.  The exposure estimates for freshwater fin fish consumption are
found in Table 4-55.  Bahnick et al. (1994) freshwater fish concentration data were utilized, along with
data on mercury concentrations in marine fish and shellfish (Tables 4-48, 4-49, 4-50) to calculate total
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exposure, for general U.S. population, to mercury through consumption of fish and shellfish (shown in
Table 4-55).


Some species of freshwater fishes were not sampled by Bahnick et al. (1994), and some
respondents in the USDA CSFII 89-91 survey did not identify the type of freshwater fish consumed.  In
these situations, it was assumed that the fish consumed contained 0.26 µg methylmercury/g, which
is the average of all sampled fish Bahnick et al. (1994).  It is important to note that the freshwater fish
data are for wild populations not farm-raised fish.


Table 4-54
Mercury Concentrations in Freshwater Fish
U.S. EPA (1992) and Bahnick et al. (1994)


Freshwater Fish Average Mercury Concentration (�g/g, wet weight) 


Carp 0.11


Sucker 0.1671


Catfish, Channel and Flathead 0.16


Bass 0.382


Walleye 0.52


Northern Pike 0.31


Crappie 0.22


Brown Trout 0.14


Mean All Fish Sampled 0.26


 The value presented is the mean of the average concentrations found in three types of sucker fish (white, redhorse and spotter).1


 The value presented is the mean of the average concentrations found in three types of bass (white, largemouth and smallmouth).2


4.3.5 Calculation of Mercury Concentrations in Fish Dishes


To estimate the mercury intake from fish and fish dishes reported as consumed by respondents in
the CSFII surveys and NHANES III survey, several steps were taken.  Using the Recipe File available
from USDA, the fish species for a particular reported food was identified.  The average mercury
concentration in fish tissue on a fresh (or wet) weight basis was identified using the NMFS data or the
data reported by Bahnick et al. (1994).  The food intake of the U.S. population includes a large number of
components of aquatic origin.  A few of these appear not to have been analyzed for mercury
concentrations.  Methylmercury concentration data were not available for some infrequently consumed
food items; e.g., turtle, roe or jelly fish.  Data on the quantity of fish present in commercially prepared
soups were also not available and were excluded from the analysis.  


Physical changes occur to a food when it is processed and/or cooked.  The NMFS and Bahnick et
al. (1994) data bases were used to estimate mercury intake report mercury concentrations on a �g
mercury per gram of fresh tissue basis.  Earlier research (Bloom, 1992) indicated that over 90% of
mercury present in fish and shellfish is chemically speciated as methylmercury which is bound to protein
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in fish tissue.  Morgan et al. (1994) indicated that over 90% of mercury present in fish and shellfish is
chemically speciated as methylmercury.  Consequently the quantity of methylmercury present in the fish
tissue in the raw state will remain in the cooked or processed fish.  In cooking or processing raw fish,
there is typically a reduction in the percent moisture in the food.  Thus, mercury concentration data were
recalculated to reflect the loss of moisture during food processing, as well as retention of methylmercury
in the remaining lowered-moisture content fish tissues.  Standard estimates of cooking/processing-related
weight reductions were provided by Dr. Betty Perloff and Dr. Jacob Exler, experts in the USDA recipe
file and in USDA's food composition.  Percent moisture lost for baked or broiled fish was 25%.  Fried
fish products lose weight through loss of moisture but add weight from fat added during frying for a total
weight loss of minus 12%.  The percent moisture in fish that were dried, pickled or smoked was
identified for individual fish species (e.g., herring, cod, trout, etc.) from USDA handbooks of food
composition.  Information on the percent moisture in the raw, and in the dried, smoked or pickled fish
was obtained.  The methylmercury concentration in the fish was recalculated to reflect the increased
methylmercury concentration of the fish as the percent moisture decreased in the drying, pickling or
smoking process.


The mean mercury concentrations for all fish from Lowe et al. (1985) and Bahnick et al. (1994)
were combined with the freshwater fish consumption data to estimate a range of exposure from total fish
consumption.  Given the human fish consumption rates and the differences between the mercury
concentrations in the two data sets, it is important to use data from both studies of mercury exposures to
assess mean concentrations in fish.  For purposes of comparison both sets of data were utilized to
illustrate the predicted methylmercury exposure.  For this comparison, the average mercury
concentrations for fish in the Lowe and the Bahnick data were analyzed separately by combining the
freshwater fish data with the data in Tables 4-48 through 4-50.  The bodyweight data and the freshwater
fish consumption rates were obtained from Table 4-12.  Exposure to methylmercury based on an
assumption of 0.11 µg methylmercury/g fish tissue (wet weight) (Lowe et al., 1985).  These values are
estimated on a body weight basis.  Tables 4-53 and 4-54 were developed using the mean data on mercury
concentrations for all fishes sampled for these two studies.


Human mercury intake from fish was estimated by combining data on mercury concentration in
fish species with the reported quantities and types of fish species reported as consumed by "users" in the
national food consumption surveys.  The mercury concentrations in the consumed fish reported by the
national surveys were estimated using data on mercury concentration in fish expressed as micrograms of
mercury per gram fresh-weight of fish tissue.


The CSFII 89-91, CSFII 1994, and CSFII 1995 are three of the USDA's food consumption
surveys.  An additional nationally-based food consumption survey is the third National Health and
Nutrition Examination Survey.  The food items reported by individuals interviewed in these surveys are
identified by 7-digit food codes.  The USDA has developed a recipe file identifying the primary
components that make up the food or dish reported "as Eaten" by a survey respondent.  The total weight
of a fish-containing food is typically not 100% fish.  The food code specifies a preparation method and
gives additional ingredients used in preparation of the dish.  For example, in the Recipe File "Fish,
floured or breaded, fried" contains 84% fish, by weight.  Fish dishes contained a wide range of fish; from
approximately 5% for a frozen "shrimp chow mein dinner with egg roll and peppers" to 100% for fish
consumed raw, such as raw shark.
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4.4 Intake of Methylmercury from Fish/fish Dishes


Estimates of methylmercury intake from fish and shellfish have been made based on dietary
survey data from the nationally representative surveys (CSFII 89-91, CSFII 94, CSFII 95, and NHANES
III).  Projected month-long estimates of fish/shellfish intake and mercury exposure have been developed
from the NHANES III frequency of fish consumption data using data from the adult participants in
NHANES III and the 24-hour recall data from children and adults in NHANES III.  These month-long
projections are considered to be the descriptions of mercury exposure from fish and shellfish that are
most relevant to the health endpoint used as the basis for the RfD; i.e. developmental deficits in children
following maternal exposure to methylmercury.  Based on input from the interagency review a
determination has been made that comparison of 24-hour “per user” data is generally inappropriate and
will not be done except when describing subpopulations who eat fish/shellfish almost every day.


4.4.1 Intakes "per User" and "per Capita"


The data from major nationally based surveys of the general population are from CSFII 89-91,
CSFII 1994, CSFII 1995, and NHANES III conducted between 1988 and 1994.  CSFII 89-91 obtained 3-
days of dietary history based on 24-hour recall interviews.  CSFII 1994 and CSFII 1995 obtained two
days of dietary history also obtained by 24-hour recall interview techniques.  These two days of dietary
recalls were not necessarily sequential days.  Interviewers in NHANES III obtained the respondents’
estimate of the number of times per day, per week, and per months the respondent consumed
fish/shellfish over the past 12-month period.  These data were obtained only for persons 12 years of age
and older.  In addition, recall data on fish/shellfish consumption were obtained on the same respondents
as were questionnaire responses of the frequency of food consumption.  These recall data cover the 24-
hour period prior to the interview.  


The number and percent of respondents reporting consumption of fish and/or shellfish in these
surveys in shown in Tables 4-55 to 4-57.  Intake data can be expressed on a “per capita” basis which
reports the statistics calculated for all survey participants whether or not they reported consuming fish
and/or shellfish during the recall period. By contrast, “per user” statistics are calculated for only those
individuals who reported consuming fish and/or shellfish during the recall periods.  The percent of
survey respondents who reported consuming fish and/or shellfish on one 24-hour recall ranged from 11.3
to 12.9% in the nationally-based contemporary food consumption surveys (Table 4-54).


Table 4-55
CSFII 89-91 Number of Respondents - All Age Groups


Ages 14 and Ages 15 through Ages 46 and Total
Younger 45 Older


Total 2893 4968 3545 11,706


Fish Consumers 720 1510 1384 3614
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Table 4-56
CSFII 89-91 Adult Respondents


Gender Ages 15 to 45 Years Ages 46 Years and Older Total for All Age
Groups


Males 2131 1537 3668


Females 2837 2308 5145


Respondents Reporting Fish Consumption


Gender Ages 15 to 45 Years Ages 46 Years and Older Total for All Age
Groups


Males 646 556 1202


Females 864 828 1692


Total 1510 1384 2894


Table 4-57
Contemporary Dietary Surveys — 1990s


General U.S. Population


Survey Total Number of Number Reporting Percent Consuming
Subjects Fish/shellfish Fish/shellfish


Consumption


NHANES III 29,989 3864 12.9


CSFII 94 - Day 1 5,296 598 11.3


CSFII 94 - Day 2 5,293 596 11.3


CSFII 95 - Day 1 5063 601 11.9


CSFII 95 - Day 2 5062 620 12.2


4.4.1.1 “Per Capita” Consumption


 “Per capita” data for CSFII 89-91 are shown in Table 4-58.  Data in CSFII 89-91 reflect averages
calculated from three days of 24-hour recall data.   Data for the more-recently conducted national surveys
are shown in Table 4-59.  These data were obtained by interview and describe fish/shellfish consumption
in the previous 24-hour period.  Interviewers describe two 24-hour recalls per respondent.
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Table 4-58
Per Capita Fish/Shellfish Consumption (gms/day) and 


Mercury Exposure (µg/kg body weight/day) From CSFII 89-91
Based on Average of Three 24-Hour Recalls


25th 50th 75th 95th Maximum


Fish/shellfish
Consumption


Zero Zero 16 73 461


Mercury
Exposure


Zero Zero 0.04 0.24 2.76


Table 4-59
Per Capita Fish/Shellfish Consumption 


Based on Individual Days of 24-Hour Recall Data
General U.S. Population Surveys — 1990s


Survey 10th 50th 90th 95th Maximum


CSFII 94 - Day 1 Zero Zero 32 85 457
0.03 0.13 3.76


CSFII 94 - Day 2 Zero Zero 37 85 606
0.03 0.14 4.03


CSFII 95 - Day 1 Zero Zero 43 105 960
0.04 0.13 5.93


CSFII 95 - Day 2 Zero Zero 43 98 1084
0.05 0.17 2.63


NHANES III Zero Zero 56 114 1260
0.08 0.19 6.96


   


4.4.1.2 “Per User” Consumption


If statistics are calculated only on those individuals who reported consuming fish and/or shellfish
during the recall period “per user” values are calculated.  Data from the average (i.e., mean) of three days
of 24-hour recalls reported in the CSFII 1989-1991 survey are shown in Table 4-60.   Data for the
individual two days recorded in CSFII 1994 and in CSFII 1995, and for the single day’s 24-hour recall in
NHANES III are shown in Table 4-61.
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Table 4-60
Per User Fish/Shellfish Consumption (grams per day) and


 Mercury Exposure (µg/kg bw/day) Based
on Average of Three 24-Hour Recalls — CSFII 89-91


25th 50th 75th 95th Maximum


Fish/shellfish
Consumption


19 32 57 117 461


Mercury
Exposure


0.04 0.09 0.18 0.45 2.76


Table 4-61
“Per User” Intake of Fish and Shellfish (gms/day) and Exposure to Mercury (µg Hg/kg bw/day)


Among Individuals Reporting Consumption, Based on Individual Day Recall Data
 


Study 10th 50th 90th 95th Maximum


CSFII 94 - Day 1 28 76 186 252 458
n=598 0.02  0.11 0.43 0.65 3.76


CSFII 94 - Day 2 26 74 200 282 606
n=596 0.03 0.11 0.40 0.65 1.03


CSFII 95 - Day 1 28 84 197 261 960
n=601 0.03 0.10 0.42 0.61 5.93


CSFII 95 - Day 2 24 79 216 285 1084
n = 620  0.03 0.12 0.47 0.64 2.63


NHANES III 22 73 242 336 1260
n=3,864 0.01 0.11 0.44 0.63 6.95


4.4.2 Methylmercury Intake from Fish and Shellfish among Women of Child-bearing Age and
Children


Subgroups at increased risk of exposure and/or toxic effects of mercury among the general
population include women of childbearing age and children.  Exposures to women of childbearing age
are of particular interest because methylmercury is a developmental toxin (Tables 4-62 and 4-63). 
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Table 4-62
“Per Capita” Fish/Shellfish Consumption (grams/day) and


 Mercury Exposure (µg/kg bw/day) Based
 on Average of Three 24-Hour Dietary Recalls — CSFII 89-91


Females Aged 15-45 25th 50th 75th 95th Maximum
Value


Fish/shellfish Consumption Zero Zero 15 72 461


Mercury Exposure Zero Zero 0.03 0.20 2.76


Table 4-63
“Per User” Fish/Shellfish Consumption (grams/day) and


 Mercury Exposure (µg/kg bw/day) Based
 on Average of Three 24-Hour Dietary Recalls — CSFII 89-91


Females Aged 15-45 25th 50th 75th 95th Maximum
Value


Fish/shellfish Consumption 19 31 56 113 461


Mercury Exposure 0.04 0.08 0.16 0.33 2.76


Children consume more food on a body weight basis than do adults.  Consequently children have
higher exposures to a variety of food contaminants (National Academy of Sciences, 1993 ) including
mercury.  Overall, approximately 11 to 13 % of adults report fish/shellfish consumption in short-term
consumption estimates based on single 24-hour recall data.  For children, the percent who report fish
consumption in similar surveys is about 8 to 9%.


Looking at the quantity of fish consumed and the intake of mercury on a body weight basis (i.e.,
µg Hg/kg body weight/day), the highest environmental dose of mercury from consumption of fish and
shellfish is found among children (Tables 4-64 and 4-65) based on fish intake and mercury exposures
estimated from single-day estimates.  Exposure (on a per kg/bw basis) among children ages 10 and
younger are elevated compared with adult values.  Children in the age range 11 through 14 years have
mercury doses (µg Hg/kg body weight/day) more comparable to adult values than to those of younger
children.  When the NHANES III data are grouped by age category, exposure patterns shown in Table 4-
64 are identified.  Higher doses of mercury relative to body weight (µg/kg body weight/day) were also
observed in data from CSFII 94 and CSFII 95 (Table 4-66).
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Table 4-64
Consumption of Fish and Shellfish (grams/day) and Mercury Exposure (µg Hg/kg bw/day) among


 Different Age Categories of Children, Based on Individual Day Data
(Data from the NHANES III, 1988-1994)


Age Group, Years Fish Consumption Mercury Exposure
grams/day µg/kg body weight/day


Less than 2 years
     50th Percentile 29 0.33
     90th Percentile 95 0.98
     95th Percentile 115 1.33


3 through 6 years
     50th Percentile 43 0.28
     90th Percentile 113 0.77
     95th Percentile 151 1.08


7 through 10 years
    50th Percentile 77 0.31
    90th Percentile 178 0.86
    95th Percentile 270 1.08


11 through 14 years
    50th Percentile 63 0.15
    90th Percentile 158 0.42
    95th Percentile 215 0.68


Table 4-65
Fish and Shellfish Consumption (grams/day) and Mercury Exposure (µg/kg body weight/day)


for Children Aged 14 years and Younger — CSFII 89-91
Based on Average of Three 24-Hour Recalls


Gender 25th 50th 75th 95th Maximum
Value


“Per User”


Females 13 24 38 75 154
0.08 0.17 0.34 0.85 1.69


Males 14 23 43 87 139
0.09 0.17 0.29 0.63 1.51


“Per Capita”


Females Zero Zero 7 43 155
Zero Zero Zero 0.39 1.69


Males Zero Zero 5 52 139
Zero Zero 0.01 0.33 1.51







4-81


Table 4-66
“Per User” Fish and/or Shellfish Consumption (grams/day) and


Mercury Exposure (µg Hg/kg bw/day) by Children ages 14 and Younger
Based on Individual Day Data.


Survey 10th 50th 90th 95th Maximum


CSFII 94 - Day 1 15 53 127 176 293
n=148 0.04 0.13 0.77 1.06 1.56


CSFII 94 - Day 2 16 53 156 171 384
n=162 0.07 0.20 0.67 0.91 2.70


CSFII 95 - Day 1 16 57 185 204 305
n=126 0.04 0.23 0.69 0.81 5.93


CSFII 95 - Day 2 13 53 170 243 305
n=148 0.03 0.23 1.00 1.98 2.63


NHANES III 14 51 155 185 915
1988-1994 0.04 0.25 0.83 1.08 6.95
n=1,062


Comparison of the “per capita” and “per user” values indicate that Asian Americans and Pacific
Islanders consume fish and shellfish more frequently than other subpopulations.  However, the quantity
of fish and shellfish consumed per person is actually smaller than for the other subpopulations Table 4-
67).   If mercury exposure is expressed on a body weight basis (µg Hg/kg body weight), the exposures are
more comparable although Asian Americans/Pacific Islanders have lower exposure to mercury (on a
body weight basis) than do other ethnically diverse subpopulations (Table 4-67).


Table 4-67
Consumption of Fish and Shellfish (grams/day) and Mercury Exposure (µg Hg/kg bw/day) 


Among Ethnically Diverse Groups, Based on Individual Day Recalls
(Source: CSFII 94 and CSFII 95)


Ethnic Group Per Capita Per User1 2


Fish Mercury Fish Mercury
Consumption Exposure Consumption Exposure
grams/day  µg/kg bw/day grams/day  µg/kg bw/day


White
   50th Percentile
   90th Percentile
   95th Percentile 80 0.14 243 0.67


Zero Zero 72 0.12
24 0.03 192 0.46


Black
   50th Percentile
   90th Percentile
   95th Percentile 104 0.19 302 0.96


Zero Zero 82 0.14
48 0.05 228 0.54







Table 4-67 (continued)
Consumption of Fish and Shellfish (grams/day) and Mercury Exposure (µg Hg/kg bw/day) 


Among Ethnically Diverse Groups, Based on Individual Day Recalls


Ethnic Group Per Capita Per User1 2


Fish Mercury Fish Mercury
Consumption Exposure Consumption Exposure
grams/day  µg/kg bw/day grams/day  µg/kg bw/day
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Asian and Pacific Islander
   50th Percentile
   90th Percentile
   95th Percentile 127 0.30 292 0.56


Zero Zero 62 0.10
80 0.15 189 0.39


Native American and Alaska
Native
   50th Percentile
   90th Percentile Zero Zero of small of small
   95th Percentile


Zero Zero made because made because


56 0.03 numbers of numbers of


Estimate not Exposures not


respondents.    respondents.


Other
   50th Percentile
   90th Percentile
   95th Percentile


Zero Zero 83 0.18
Zero Zero 294 0.64
62 0.13 327 0.81


Total number of 24-hour food consumption recall reports: White (16,241); Black (2,580); Asian and1


Pacific Islander (532); Native American and Alaska Native (166): and Other (1,195).
 Number of 24-hour food consumption recall reports: White (1,821); Black (329); Asian and Pacific2


Islander (155); Native American and Alaska Native (12); and Other (98).


4.4.3 Month-Long Estimates for Consumers 


The third NHANES included survey questions on the frequency of consumption of fish and
shellfish that permitted nationally based estimates on how frequently people in the general United States
population consume fish and shellfish over a month-long period.  The typical frequency of consumption
combined with a “snap shot” of typical consumption on any single day as shown in the “per user” 24-
hour recall data permit projection of moderate-term patterns of fish/shellfish consumption.  It is these
moderate-term patterns that are the most relevant exposure period for the health-based endpoint that
formed the basis of the RfD - i.e., developmental deficits in children following maternal exposure to
methylmercury.  Additional description of the particular importance of moderate-term patterns of
mercury exposure from fish/shellfish intakes is found in Section 4.1.1 (page 4-1 through 4-3 of this
Volume).


The frequency of fish and shellfish consumption can be determined from the food frequency data
obtained in NHANES III.  By combining the number of times per month a person eats fish and shellfish
with the 24-hour recall data that provide an estimate of portion size and species of fish/shellfish selected,
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a projection can be made of the consumption pattern over a month.  The statistical methods describing
how these two frequency distributions were combined is presented in Appendix D.  The month-long
projection of fish/shellfish consumption for the general population is shown in Table 4-68a and 4-68b;
the estimate for women of childbearing age (assumed to be 15 through 44 years) is shown in Tables 4-69
and 4-70, and the estimates for children are shown in Tables 4-71 and 4-72.   


Table 4-68a
Month-Long Estimates of Fish and Shellfish Consumption (gms/day)


General Population by Ethnic/Racial Group
National Estimates Based on NHANES III Data


White/NonHispanic Black/NonHispanic Other


Percentile Fish/Shellfish Percentile Fish/Shellfish Percentile Fish/Shellfish
gms/day gms/day gms/day


50th 8 50th 10 50th 9


75th 19 75th 25 75th 27


90th 44 90th 58 90th 70


95th 73 95th 97 95th 123


Percentile at Percentile at Percentile at
which 97.3th which 95.1th which 94.6th
consumption Percentile consumption Percentile consumption percentile
equals equals equals
approximately approximately approximately
100 grams/day. 100 grams/day. 100 grams/day.


Table 4-68b
Month-Long Estimates of Mercury Exposure (µg/kgbw/day)


Population by Ethnic/Racial Group
National Estimates Based on NHANES III Data


White/NonHispanic Black/NonHispanic Other


Percentile Mercury Percentile Mercury Percentile Mercury
Exposure Exposure Exposure
µg/kgbw/day µg/kgbw/day µg/kgbw/day


50th 0.02 50th 0.02 50th 0.02


75th 0.04 75th 0.05 75th 0.06


90th 0.09 90th 0.13 90th 0.17


95th 0.15 95th 0.21 95th 0.31
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Table 4-69
Month-Long Estimates of Exposure to Fish and Shellfish (gms/day)


for Women Ages 15 through 44 Years
Combined Distributions Based on NHANES III Data


Percentile Fish/Shellfish
(gms/day)


50th 9


75th 21


90th 46


95th 77


Percentile at which consumption
exceeds approximately 100 grams/day 97th percentile


based on month-long projections


Table 4-70
Month-Long Estimates of Mercury Exposure (µg/kgbw/day) for Women Ages 15 through 44


All Subpopulations Combined
National Estimates Based on NHANES III Data


Percentiles Mercury Exposure
µg/kgbw/day


Month-Long Estimates


50th 0.01


75th 0.03


90th 0.08


95th 0.13


99th 0.37
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Table 4-71
Month-Long Estimates of Fish/Shellfish Consumption (gms/day) 


among Children Ages 3 through 6 Years.
National Estimates Based on NHANES III Data


Percentile


Per User Month-Long Estimate


Fish/Shellfish Consumption Mercury Exposure
(grams/day) (µg/kgbw/day)


50th 5 0.03


75th 12 0.08


90th 25 0.18


95th 39 0.29


Table 4-72
Month-Long Estimates of Exposure to Fish and Shellfish (gms/day) and 


Mercury (µg/kgbw/day) among Children Ages 3 through 6 Years
National Estimates for Individual Ethnic/Racial Groups


Percentile All Groups White/ Black/ Other
NonHispanic NonHispanic


50th Fish 
(grams/day)


5 5 6 7


Mercury
(µg/kgbw/day)


0.03 0.03 0.03 0.04


75th Fish 
(grams/day)


12 11 13 17


Mercury
(µg/kgbw/day)


0.08 0.08 0.08 0.11


90th Fish 
(grams/day)


25 24 28 36


Mercury
(µg/kgbw/day)


0.18 0.17 0.19 0.25


95th Fish
(grams/day)


39 37 44 57


Mercury
(µg/kgbw/day)


0.29 0.28 0.33 0.42
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4.4.4 Habitat of Fish Consumed and Mercury Exposure from Fish of Marine, Estuarine and Freshwater
Origin


Fish and shellfish species have been grouped into those inhabiting marine, estuarine, and
freshwater environments.  This classification was developed by US EPA’s Office of Water based on
advise from fisheries biologists.  Categories of fish and shellfish into those primarily inhabiting marine,
estuarine, and freshwater environments was shown in Table 4-17.


State and local authorities frequently have obtained data on mercury concentrations in fish in
waterways within their boundaries.  Thirty-eight states in the United States have issued advisories
regarding mercury exposures that will occur through consumption of these fish.  Nine states have state-
wide advisories that either are based primarily upon or include concern for mercury exposures from these
fish.  At a local level, the mercury concentrations in fish vary widely. Exposures to methylmercury will
vary with the proportion of fish obtained from local sources and from interstate commerce. 


Estimates have been made of a national pattern indicating the mixture of marine, estuarine, and
freshwater source of fish and shellfish.  Tables 4-73 and 4-74 are based on the fish/shellfish consumption
data from NHANES III combined with the mercury concentration data of the NMFS and data reported by
Bahnick et al. (1988) on mercury concentrations in freshwater fish coming from a nationally based
sample of fish and shellfish.  Consumption of fish and shellfish from a particular geographic site may
result in higher or lower exposures to methylmercury.


Among the three habitat types, overall consumption of freshwater fish and shellfish resulted in
the highest mercury exposure per kilogram body weight, followed by marine and estuarine fish and
shellfish.  Men reported higher mercury exposures from freshwater fish than did women.  The higher
external doses from freshwater fish are, in part, a reflection of larger serving sizes reported when
freshwater species are consumed.


Table 4-73
Exposure of Men Ages 15 to 44 Years to Mercury (µg Hg/kg bw/day)
from Fish and Shellfish of Marine, Estuarine, and Freshwater Origin


Based on Individual Day Recalls
(Food Consumption Data from NHANES III and


 Mercury Concentration Data from NMFS and Bahnick et al. (1988))


Statistic Marine Estuarine Freshwater Combined
Origin  Origin Origin Origin, i.e., Total
n=386 n = 198 n=60 Exposure


n = 644


Percentiles
 10th 0 0 0.01 0.01


  


  50th 0.10 0.03 0.33 0.11


  90th 0.35 0.30 1.26 0.44


  95th 0.60 0.44 1.37 0.60


Maximum
Values Reported 4.43 0.71 1.91 4.43
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Table 4-74
Exposure of Women Aged 15-44 Years  to


 Mercury (µg Hg/kg bw/day)  from 
Fish and Shellfish of Marine, Estuarine, and Freshwater Origin


Based on Individual Day Recalls
(Food Consumption Data from NHANES III and 


Mercury Concentration Data from NMFS and Bahnick et al. (1988))


Statistic Marine Estuarine Freshwater Combined
 Origin Origin Origin Origin, i.e., Total
n = 581 n = 221 n = 82 Exposure


n = 882


Percentiles
  10th 0.01 0.01 0.04 0.01


  50th 0.10 0.03 0.18 0.10


  90th 0.41 0.14 0.50 0.39


  95th 0.56 0.23 0.77 0.53


Maximum
Reported Value 3.59 0.39 0.91 3.59


4.4.5 Methylmercury Consumption


Quantities of methylmercury consumed in fish depend upon both the quantity of fish consumed
and the methylmercury concentration of the fish.  Although they are infrequently consumed, swordfish,
barracuda and shark have a much higher methylmercury concentration than other marine finfish,
freshwater finfish or shellfish.  By contrast most shellfish contain low concentrations of methylmercury
resulting in far lower methylmercury exposures than would occur if finfish species were chosen.


4.5 Conclusions on Methylmercury Intake from Fish


Methylmercury intakes calculated in this chapter have been developed for a nationally based
population rather than site-specific estimates.  Food consumption data was provided from the CSFII
89/91, CSFII 94, CSFII 95, and NHANES III surveys.  Methylmercury intakes calculated in this chapter
have been developed for a nationally based rather than site-specific estimates.  The CSFII 89-91 from
USDA was designed to represent the U.S. population.  The concentrations of methylmercury in marine
fish and shellfish were from a data base that is national in scope.  Data on freshwater finfish were taken
from two large studies that sampled fish at a number of sites throughout the United States.  The extent of
applicability of these data to site-specific assessments must rest with the professional judgments of the
assessor.  Because of the magnitude of anthropogenic, ambient mercury contamination, the estimates of
methylmercury from fish do not provide a value that reflects methylmercury from nonindustrial sources. 
"Background" values imply an exposure against which the increments of anthropogenic activity could be
added.  This is not the situation due to release of substantial quantities into the environment. 


  Issues dealing with confidence in data on the methylmercury concentration of fish consumed
include the following:
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� In a number of situations individuals cannot identify with accuracy the species of fish
consumed.  The USDA Recipe File Data Base has "default" fish species specified if the
respondent does not identify the fish species consumed.  There is no way, however to
estimate the magnitude of uncertainty encountered by misidentification of fish species by
the survey respondents.


� The data base used to estimate methylmercury concentrations in marine fish and shellfish
was provided by the NMFS.  This data base has been gathered over approximately the
past 20 years and covers a wide number of species of marine fish and shellfish.  The
number of fish samples for each species varies but typically exceeds 20 fish per species.  


� The analytical quality of the data base has been evaluated by comparison of these data
with compliance samples run for the U.S. FDA.  The National Academy of Sciences'
Report on Seafood Safety and the U.S. FDA have found this data base from NMFS to be
consistent with 1990s data on methylmercury concentrations in fish.


� The methylmercury concentrations in freshwater fish come from two publications, each
giving data that represent freshwater fish from a number of locations.  These data were
gathered between the early 1980s and early 1990s.  These surveys by U.S. EPA (1992),
Bahnick et al. (1994), and Lowe et al. (1985) report different mean mercury
concentrations; 0.260 µg/g mercury (wet weight) and 0.114 µg/g mercury (wet weight),
respectively.  The extent to which either of these data sets represents nationally based
data on freshwater fish methylmercury concentrations remains uncertain. 


� Month-long estimates of mercury exposure from fish and shellfish consumption are
considered the exposure projection most relevant to the health endpoint of concern; i.e.,
developmental deficits among children following maternal fish consumption.


� Because methylmercury is a developmental toxin, a subpopulation of interest is women
of child-bearing age.  In this analysis of methylmercury intake, dietary intakes of women
aged 15 through 44 years were used to approximate the diet of the pregnant woman. 
From data on Vital and Health Statistics, it has been determined that 9.5% of women of
reproductive age can be anticipated to be pregnant within a given year.  Generally food
intake increases during pregnancy (Naismith, 1980).  Information on dietary patterns of
pregnant women has been assessed (among other see Bowen, 1992;  Greeley et al.,
1992).  Most of these analyses have focussed on intake of nutrients rather than
contaminants.  It is uncertain whether or not pregnancy would modify quantities and
frequency of fish consumed beyond any increase that may result from increased energy
(i.e., caloric) intake that typically accompanies pregnancy.    


� Based on available data on fish consumption in the 3 through 6 year age group, it is
estimated that 19 to 26% of these children consume relatively more fish on a per
kilogram per body-weight basis than do adults, which may result in higher mercury
exposure these children.  The range reflects differences in mercury exposures between
subpopulations categorized on the basis of race and ethnicity.  Persons of Asian/Pacific
Islander, non-Mexican Hispanics (largely persons of Caribbean ethnicity), Native
Americans, and Alaskan Natives have the highest exposures. 


� Because mercury concentrations in fish/shellfish are highly variable, information on
fish/shellfish consumption (grams/day) are also of interest.  It is estimated that 3% of
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women have month-long fish/shellfish intakes of 100 grams per day and higher based on
the NHANES III data.  
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5. POPULATION EXPOSURES - NON-DIETARY SOURCES


5.1 Dental Amalgams


Dental amalgams have been the most commonly used restorative material in dentistry.  A typical
amalgam consists of approximately 50% mercury by weight.  The mercury in the amalgam is
continuously released over time as elemental mercury vapor (Begerow et al., 1994).  Research indicates
that this pathway contributes to the total mercury body burden, with mercury levels in some body fluids
correlating with the amount and surface area of fillings for non-occupationally exposed individuals
(Langworth et al., 1991; Olstad et al., 1987; Snapp et al., 1989).  For the average individual an intake of
2-20 µg/day of elemental mercury vapor is estimated from this pathway (Begerow et al., 1994). 
Additionally, during and immediately following removal or installation of dental amalgams
supplementary exposures of 1-5 µg/day for several days can be expected (Geurtsen 1990).


Approximately 80% of the elemental mercury vapor released by dental amalgams is expected to
be re-absorbed by the lungs (Begerow et al., 1994). In contrast, dietary inorganic mercury absorption via
the gastrointestinal tract is known the be about 7%.  The contribution to the body burden of inorganic
mercury is thus, greater from dental amalgams than from the diet or any other source.  The inorganic
mercury is excreted in urine, and methylmercury is mainly excreted in feces.  Since urinary mercury
levels will only result from inorganic mercury intake, which occurs almost exclusively from dietary and
dental pathways for members of the general public, it is a reasonable biomonitor of inorganic mercury
exposure.  Urinary mercury concentrations from individuals with dental amalgams generally range from
1-5 µg/day, while for persons without these fillings it is generally less than 1 µg/day (Zander et al.,
1990).  It can be inferred that the difference represents mercury that originated in dental amalgams.


Begerow et al., (1994) studied the effects of dental amalgams on inhalation intake of elemental
mercury and the resulting body burden of mercury from this pathway.  The mercury levels in urine of 17
people aged 28-55 years were monitored before and at varying times after removal of all  dental
amalgam fillings (number of fillings was between 4-24 per person).  Before amalgam removal, urinary
mercury concentrations averaged 1.44 µg/g creatinine.  In the immediate post-removal phase (up to 6
days), concentrations increased by an average of 30%, peaking at 3 days post-removal.  After this phase
mercury concentrations in urine decreased continuously and by twelve months had dropped to an average
of 0.36 µg/g creatinine.  This represents a four-fold decrease from pre-removal steady-state urinary
mercury levels.


5.2 Occupational Exposures to Mercury


Industries in which occupational exposure to mercury may occur include chemical and drug
synthesis, hospitals, laboratories, dental practices, instrument manufacture, and battery manufacture
(National Institute for Occupational Safety and Health, (NIOSH) 1977).  Jobs and processes involving
mercury exposure include manufacture of measuring instruments (barometers, thermometers, etc.),
mercury arc lamps, mercury switches, fluorescent lamps, mercury broilers, mirrors, electric rectifiers,
electrolysis cathodes, pulp and paper, zinc carbon and mercury cell batteries, dental amalgams,
antifouling paints, explosives, photographs, disinfectants, and fur processing.  Occupational mercury
exposure can also result from the synthesis and use of metallic mercury, mercury salts, mercury catalysts
(in making urethane and epoxy resins), mercury fulminate, Millon's reagent, chlorine and caustic soda,
pharmaceuticals, and antimicrobial agents (Occupational Safety and Health Administration (OSHA)
1989).
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OSHA (1975) estimated that approximately 150,000 US workers are exposed to mercury in at
least 56 occupations (OSHA 1975).  More recently, Campbell et al., (1992) reported that about 70,000
workers are annually exposed to mercury.  Inorganic mercury accounts for nearly all occupational
exposures, with airborne elemental mercury vapor the main pathway of concern in most industries, in
particular those with the greatest number of mercury exposures.  Occupational exposure to
methylmercury appears to be insignificant.  Table 3-10 summarizes workplace standards for airborne
mercury (vapor + particulate).


A number of studies have been reported that monitored workers' exposure to mercury (Gonzalez-
Fernandez et al., 1984; Ehrenberg et al., 1991; Cardenas et al., 1993; Kishi et al., 1993, 1994; Yang et al.,
1994).   Some studies have reported employees working in areas which contain extremely high air
mercury concentrations:  0.2 to over 1.0 mg/m  of mercury.  Such workplaces include lamp sock3


manufacturers in Taiwan (Yang et al., 1994), mercury mines in Japan (Kishi et al., 1993,1994), a small
thermometer and scientific glass manufacturer in the US (Ehrenberg et al., 1991), and a factory
producing mercury glass bubble relays (Gonzalez-Fernandez et al., 1984).  High mercury levels have
been reported in blood and urine samples collected from these employees (reportedly over 100 µg/L in
blood and over 200 - 300 µg/L or 100 - 150 µg/g creatinine for urine).  At exposures near or over 1.0
mg/m3, workers show clear signs of toxic mercury exposure (fatigue, memory impairment, irritability,
tremors, and mental deterioration).  The chronic problems include neurobehavioral deficits that persist
long after blood and urine mercury levels have returned to normal; many workers required hospitalization
and/or drug treatments.  With the exception of mercury mines, workplaces producing these mercury
levels are typically small and specialized, often employing only a few workers who were exposed to high
mercury concentrations.


Many other studies have monitored employees’ work areas and reported measured mercury air
concentrations of 0.02 - 0.2 mg/m ; these levels are generally in excess of present occupational standards3


(see Table 5-1).  These mercury levels were most often reported at chlor-alkali plants (Ellingsen et al.,
1993; Dangwal 1993; Barregard et al., 1992; Barregard et al., 1991; Cardenas et al., 1993).  Employees at
these facilities had elevated bodily mercury levels of approximately 10-100 µg/L for urine and  about 30
µg/L in blood.  At these lower levels, chronic problems persisting after retirement included visual
response and peripheral sensory nerve effects.


Exposures to mercury levels under 0.02 mg/m  typically result in blood and urine levels3


statistically higher than the general population, but health effects are usually not observed.


Table 5-1
Occupational Standards for Airborne Mercury Exposure


Concentration Standard Type Mercury Species Reference
Standard (mg/m )3


0.10 STEL inorganic CFR (1989)


0.01 TWA organic CFR (1989)


0.03 STEL alkyl CFR (1989)


0.05 TWA all besides alkyl ACGIH (1986)







Table 5-1 (continued)
Occupational Standards for Airborne Mercury Exposure


Concentration Standard Type Mercury Species Reference
Standard (mg/m )3
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0.01 TWA alkyl ACGIH (1986)


0.03 STEL alkyl ACGIH (1986)


0.10 TWA aryl and inorganic ACGIH (1986)


0.05 TWA all besides alkyl NIOSH (1977)


Abbreviations:
ACGIH - American Conference of Governmental Industrial Hygienists
CFR - Code of Federal Regulations
STEL - Short term exposure limit (15 minutes)
TWA - Time weighted average (8 hour workday)


5.3 Miscellaneous Sources of Mercury Exposure


Inorganic mercury is used in some ritualistic practices (Wendroff, 1995).  The extent of this use
in the United States is undocumented, although it is considered to be more commonly encountered in
Hispanic and Latino communities.  Inorganic mercury is distributed around the household in a variety of
ways and may result in dermal contact or it potentially be inhaled.


5.4 Cases of Mercury Poisoning


Numerous examples may be found in the literature of unintentional mercury poisoning.  The
following examples were taken from Morbidity and Mortality Weekly Report, a publication of the U.S.
Public Health Service, Centers for Disease Control.  These cases studies indicate that mercury has
diverse — although, in many cases, illegal — applications.  The studies illustrate the wide range of
potential health effects from mercury exposure including death.


Unsafe Levels of Mercury Found in Beauty Cream


Between September 1995 and May 1996, the Texas Department of Health, the New Mexico
Department of Health, and the San Diego County Health Department investigated three cases of mercury
poisoning associated with the use of a mercury-containing beauty cream produced in Mexico.  The
cream, marketed as “Crema de Belleza-Manning” for skin cleansing and prevention of acne, has been
produced since 1971.  The product listed “calomel” (mercurous chloride) as an ingredient and contained
6% to 10% mercury by weight.  Because mercury compounds are readily absorbed through the skin, FDA
regulations restrict the use of these compounds as cosmetic ingredients.  Specifically, mercury
compounds can be used only as preservatives in eye-area cosmetics at concentrations not exceeding 65
ppm of mercury; no effective and safe nonmercurial substitute preservative is available for use in such
cosmetics.
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An ongoing investigation of the cream located it in shops and flea markets in the United States
near the U.S.-Mexico border, and identified a U.S. organization in Los Angeles as the distributor.  Media
announcements, warning of the mercury containing cream, were then made in Arizona, California, New
Mexico, and Texas.  In response to these announcements, 238 people contacted their local health
departments to report using the cream.  Urinalysis was conducted for 119 people, and of these, 104 had
elevated mercury levels.  Elevated urine mercury levels were also detected in people who did not use the
cream but who were close household contacts of cream users.


Indoor Latex Paint Found to Contain Unsafe Mercury Levels


In August 1989, a previously healthy 4-year-old boy in Michigan was diagnosed with acrodynia,
a rare manifestation of childhood mercury poisoning.  A urine mercury level of 65 µg/L was measured in
a urine sample collected over 24 hours.  Examinations of his parents and two siblings also revealed
elevated urine mercury levels.  The Michigan Department of Public Health (MDPH) determined that
inhalation of mercury-containing vapors from phenylmercuric acetate contained in latex paint was the
probable route of mercury exposure for the family; 17 gallons of the paint had been applied to the inside
of the family’s home during the first week of July.  During that month, the air conditioning was turned on
and the windows were closed, so that mercury vapors from the paint were not properly vented.  In
addition, samples of the paint contained 930-955 mg/L mercury, while the EPA limit for mercury as a
preservative in interior paint is 300 mg/L. 


In October, the Michigan Department of Agriculture prohibited further sales of the
inappropriately formulated paint, and the MDPH advised people not to use the paint, to thoroughly
ventilate freshly painted areas, and to consult a physician if unexplained health problems occurred.  In
November, the MDPH and Centers for Disease Control began an ongoing investigation in selected
communities in southeastern Michigan to assess mercury levels in the air of homes in which this paint
had been applied and in urine samples from the occupants.


Jar of Mercury Spilled in Ohio Apartment


In November 1989, a 15-year-old male from Columbus, Ohio was diagnosed with acrodynia, a
form of mercury poisoning.  A 24-hour urine collection detected a mercury level of 840 µg/L in the
patient’s urine.   The patient’s sister and both his parents were also found to have elevated mercury urine
levels.  Therefore, on November 29, the Columbus Health Department investigated the apartment where
the family had lived since August 26, 1989.  Neighbors reported that the previous tenant had spilled a
large jar of elemental mercury within the apartment.  Mercury vapor concentrations in seven rooms
ranged from 50-400 µg/m .  The Agency for Toxic Substances and Disease Registry’s acceptable3


residential indoor air mercury concentration is less than or equal to 0.5 µg/m .3


Mercury Vapors Released in House During Smelting Operation


On August 7, 1989, four adults from Michigan, ranging from age 40 to 88, were hospitalized for
acute mercury poisoning.  All four patients lived in the same house, where one of the patients had been
smelting dental amalgam in a casting furnace in the basement of the house in an attempt to recover silver. 
Mercury fumes were released during the smelting operation, entered air ducts in the basement, and were
circulated throughout the house.  All four patients died of mercury poisoning within 11-24 days after
exposure.  
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Mercury Spilled in Michigan House


During the summer of 1989, a boy in Michigan spilled about 20 cm  of liquid mercury in his3


bedroom.  In September of that year, both of his sisters were diagnosed with mercury poisoning, after
exhibiting clinical symptoms associated with such poisoning.  The boy, although asymptomatic, was also
tested and was found to have elevated mercury levels.


Florida School Children Find Elemental Mercury in Abandoned Van


During August 1994, five children residing in a neighborhood in Palm Beach County, Florida
found 5 pints of elemental mercury in an abandoned van.  During the ensuing 25 days, the children
shared and played with the mercury outdoors, inside homes, and at local schools.  On August 25, 1994, a
parent notified local police and fire authorities that her children had brought mercury into the home. 
That same day, 50 homes were immediately vacated and an assessment of environmental and health
impacts was initiated by the State of Florida Department of Environmental Protection, the Health and
Rehabilitation Services of the Palm Beach County Public Health Unit, and the U.S. Environmental
Protection Agency.


A total of 58 residential structures were monitored for indoor mercury vapor concentrations;
unsafe indoor air levels of mercury (>15 µg/m ) were detected in 17.  Several classrooms at the local3


high schools were determined to be contaminated.  In addition, 477 people were identified by the survey
as possibly exposed to mercury vapors and were evaluated at the emergency department of the local
hospital or the health department clinic for mercury poisoning.  Of these people, 54 were found to have
elevated mercury levels.


Unsafe Mercury Levels Found in North Carolina Home


In July 1988, the Environmental Epidemiology Section of the North Carolina Department of
Environment, Health, and Natural Resources (DEHNR), investigated chronic mercury poisoning
diagnosed in a 3-year-old boy from North Carolina.  Results of 24-hour urine specimens for mercury
collected from both the patient and his parents revealed elevated mercury levels. Although the family
reported no known mercury exposures, in April 1988, they had moved into a house whose previous
owner had collected elemental mercury.  Several containers of mercury had reportedly been spilled in the
house during the previous owner’s occupancy.  As a result of the determination that the house was the
probable source of exposure, the family temporarily relocated.


The DEHNR conducted an extensive investigation of the house.  Elevated mercury levels were
detected in five rooms and two bathrooms.  The vacuum cleaner filter bag was tested for mercury as well,
and found to have extremely high mercury levels.  The carpets were also heavily contaminated with
mercury.  When the contaminated carpets were vacuumed, mercury particles and vapor were probably
dispersed throughout the house.  Vaporization probably increased with the spread of the mercury and the
onset of warmer weather.
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6. COMPARISON OF ESTIMATED EXPOSURE WITH BIOMONITORING


6.1 Biomarkers of Exposure


Biologic markers, as described by the U.S. National Research Council (NRC, 1989) are
indicators signaling events in biological systems or samples.  These are classified as biologic markers of
exposure, effect and susceptibility.  A biological marker of exposure is defined by the National Research
Council (1989) an “exogenous substance or its metabolite(s) or the product of an interaction between a
zenobiotic agent and some target molecule or cell that is measured in a compartment within an organism”
(NRC, 1989, pg. 2).  Concentrations of mercury and of methylmercury in biological materials are used as
biomarkers of exposure to mercury in the environment.  


Mercury accumulates in body organs.  Although concentrations of mercury in organs adversely
affected by mercury (e.g., neural tissue, the kidney) may be more predictive of levels of exposure at the
site of organ system damage, for purposes of monitoring exposures mercury concentrations in tissues less
proximal are relied upon.  Typically mercury concentrations in blood, hair, and urine are used to assess
exposure to organic and inorganic mercury.  


6.2 Biomarkers of Exposure Predictive of Intake of Methylmercury


Humans are exposed to both organic (e.g., methylmercury) and inorganic mercury.  The
proportion of organic to inorganic mercury exposure depends on exposure conditions.  Organic
methylmercury almost exclusively occurs through consumption of fish and shellfish. Occupational
exposure to organic mercury compounds is far less common than are occupational exposures to inorganic
mercury compounds.  Within occupations where exposures to organic mercury compounds occur, great
caution must be taken to assure that people handling such compounds do not come into contact with
organic mercury because of its extreme toxicity.  Inorganic mercury exposures reflect sources including
dental amalgams and occupational sources with minor contributions from certain hobbies and ritualistic
uses of mercury.  Contribution from “minor” sources refers to their overall use in the general population. 
Such “minor” sources can produce highly elevated exposures and poisoning of individuals who use these
products.


Blood and hair concentrations of mercury can be used to back calculate estimates of
methylmercury ingested.  Because methylmercury in the diet comes almost exclusively from
consumption of fish and shellfish, methylmercury concentrations in blood and hair are very strong
predictors of methylmercury ingestion from fish and shellfish.  


The fraction of methylmercury absorbed via the gastrointestinal tract from fish and shellfish is
extremely high; typically more than 95% (REFS).  After absorption methylmercury is transported in the
blood. There is a strong affinity for the erythrocyte (Aberg et al., 1969; Miettinen, 1971).  Standard
reference values for blood mercury concentrations indicate packed cells are 10-times more concentrated
in mercury than is whole blood (Cornelis et al., 1996).  Methylmercury is distributed throughout the body
including distribution into the central nervous system.   Postabsorption and distribution to tissues,
methylmercury  is slowly demethylated and converted to inorganic mercury (Burbacker and Mottet,
1996).  


A portion of the inorganic mercury arising from demethylation of methylmercury is present in
blood (Smith and Farris, 1996).  Additional sources of inorganic mercury include dental amalgams in
persons with silver-mercury dental restorations, small amounts of inorganic mercury absorbed from diet,
and for some individuals occupational and/or miscellaneous sources.  Although inorganic mercury is
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present in blood, under most conditions the predominant chemical species of mercury in blood is
methylmercury arising from consumption of fish and shellfish.


6.3 Sample Handling and Analysis of Blood Samples for Mercury


The predominant method of chemical analysis of total mercury in blood is based on cold vapor
absorbance techniques (IUPAC, 1996; Nixon et al., 1996).  Atomic fluorescence is also a very sensitive
and reliable technique for mercury measurement in blood, serum and urine (IUPAC, 1996).  The various
mercury-species are converted by reducing agents to elemental mercury and released as a vapor which is
either directly pumped through the cell of the atomic absorption spectrophotometer or analyzed after
amalgamation and enrichment on gold (IUPAC, 1996).


Sample pretreatment to destroy the organic matter in samples and avoid losses of mercury
through volatilization are key considerations in the analytic procedure for determination of inorganic and
total mercury.  Digestion procedures have been developed that permit conversion of organic mercury
compounds and arylmercury to inorganic mercury, but do not convert significant quantities of
alkylmercury (i.e., methylmercury) to inorganic mercury (Nixon et al., 1996). 
 


The expected concentration cited by IUPAC (1996) for mercury in serum of healthy individuals
is 0.5 µg/L.  In packed cells the level is about 5 µg/kg.  Standard reference materials for mercury in
whole blood are available in the range of 4 to 14 µg/L.  Using the IUPAC (1996) expected concentration,
whole blood mercury would be less than 2.5 µg/L.  
    


Sample handling prior to analysis is always critical in obtaining optimal analytical results.  The
Commission of Toxicology of the IUPAC has described an organized system for collection and handling
of human blood and urine for the analysis of trace elements including mercury (1996).         


6.4 Association of Blood Mercury with Fish Consumption


6.4.1 Half-Lives of Methylmercury in Blood


The half-life of mercury in blood varies with prior intake of methylmercury and individual
characteristics.  Previous investigations with methylmercury ingestion under controlled conditions
provide estimates of half-lives among adults.  Data on half-lives among children do not appear to exist. 
Two studies among adults are particularly informative.  Sherlock et al. (1984) evaluated half-lives for
methylmercury ingested via halibut by 14 adult male and 7 adult female volunteers over a period of 96
days.  Overall, the half-life for mercury in blood was calculated by Sherlock et al. as 50±1 days
(mean±standard error; range 42 to 70 days) for adult subjects.  Another approach is that used by Birke et
al. (1972) based on repeated blood sampling of subjects after termination of chronic ingestion at higher
levels of methylmercury consumption.  Data from the study of Birke et al. (1972) showed two subjects
with half-lives of 99 and 120 days in blood cells and 47 and 130 days in plasma.  Additional data on half-
lives of methylmercury ingested via fish were reported by Miettinen et al. (1971) following single
ingestion of radiolabelled fish.  Miettinen et al. (1971) using Hg-labelled methylmercury incorporated203


into burbot (Lota vulgaris) fed as a single dose to 15 adult volunteers determined a mean biological half-
time of 50±7 days (mean±standard deviation of the mean) in red blood cells for five male subjects and
one female subject.  


Overall the metabolic data support the use of blood mercury as an indicator of recent
methylmercury intake.  The range surround mean half-lives reflect the combined influence of individual
person-to-person characteristics, previous intake of methylmercury, and level of methylmercury
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ingestion.  During the 1990s, a number of additional reports on total blood mercury and on organic
methylmercury in blood have confirmed that higher intakes of fish/shellfish are associated with
increasing concentrations of total mercury, and in particular a higher fraction of methylmercury
(Mahaffey and Mergler, in press).  


6.4.2 Fraction of Total Blood Mercury that Is Organic or Methylmercury


Among subjects with blood total mercury levels less than 5 µg/L, Oskarsson et al. (1996)
reporting on 30 women living in northern Sweden found that 26% of blood mercury was organic
mercury.  By contrast women who consumed large amounts of seafood had 80% organic mercury at
delivery in maternal blood from Inuit women in Greenland (Hansen et al., 1990), and approximately 83%
organic mercury in Faroese women (Grandjean et al., 1992).  High blood levels of total mercury were
reported by Akagi et al. (1995) among residents of the Amazon.  In fishing villages where blood total
mercury levels were approximately 100 µg/L, 98% of total mercury was organic (methyl) mercury.  Aks
et al. (1995) in another study of adult Amazon villagers, found approximately 90% of total mercury to be
organic mercury when blood levels were approximately 25 to 30 µg/L.  Mahaffey and Mergler (in press)
found that there was a linear increase (when the data were log transformed) in the fraction of total blood
mercury that was present as organic mercury over a blood total mercury up to 70 µg/L.


6.4.3 Methylmercury Consumption from Fish and Blood Mercury Values


Increasing frequency of fish consumption is predictive of higher total blood mercury
concentrations; particularly increased concentrations of organic mercury (i.e., methylmercury) in blood
(Brune et al., 1991; Hansen et al., 1990; Svensson et al., 1992; Weihe et al., 1996).  Within the non-
occupationally mercury exposed population, frequency, quantity and species of fish consumed produce
differences in methylmercury ingestion and in blood mercury concentrations.  Brune et al. (1991)
reviewed the literature on total mercury concentrations in whole blood and associated these with the
number of fish meals/week (Table 6-1). Although there is a clear increase in mean values with increasing
frequency of fish consumption, the ranges of values (e.g., 10th and 90th percentiles) overlap with the
next highest category of consumption.  These ranges illustrate some of the difficulty of characterizing
methylmercury intake simply by the reports describing number of fish meals consumed per week.


Table 6-1
Literature Derived Values for Total Mercury Concentrations in Whole Blood


(from Brune et al., 1990)


Level of Fish Mean Value 10th and 90th 25th and 75th Number of
Consumption Percentiles Percentiles Observations


Category I, No Fish
Consumption 20 0, 4.3 0.8, 3.2 223


Category II, < 2 Fish
Meals/Week 4.8 2.4, 7.2 3.5, 6.1 339


Category III, � 2-4 Fish
Meals/ Week 8.4 2.6, 14.2 5.4, 11.4 658







Table 6-1 (continued)
Literature Derived Values for Total Mercury Concentrations in Whole Blood


(from Brune et al., 1990)


Level of Fish Mean Value 10th and 90th 25th and 75th Number of
Consumption Percentiles Percentiles Observations
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Category IV, > 4 Fish
Meals/Week 44.4 6.1, 82.7 24.4, 64.4 613


Category V, Unknown
Fish Consumption 5.8 1.2, 10.4 3.4, 8.2 3182


The analysis by Brune et al. (1990) demonstrated the limitations of  determining a
methylmercury intake based on the number of fish meals/week. Nonetheless there is an association
between frequency of fish meals and blood mercury levels.  If the exposure analysis is further refined to
include a description of the size of the serving of fish consumed, and information on the mercury content
of the fish, the association with blood mercury concentration is strengthened.


6.4.4 North American Reports on Blood Mercury Concentrations


6.4.2.1 United States


Normative data to predict blood mercury concentrations for the United States population are not
available.  With a very few exceptions all of the data that have been identified are for adult subjects.  The
largest single study appears to be that of former United States Air Force pilots.  Kingman et al. (Kingman
et al., in press; Nixon et al., 1996) analyzed urine and blood levels among 1127 Vietnam-era United
States Air Force pilots (all men, average age 53 years at the time of blood collection ) for whom
extensive dental records were available. Blood values were determined for total mercury, inorganic
mercury and organic/methylmercury.  Mean total blood mercury concentration was 3.1 µg/L with a range
of “zero” (i.e., detection limit of 0.2) to 44 µg/L.  Overall, 75% of total blood mercury was present as
organic/methylmercury.  Less than 1% of the variability in total blood mercury was attributable to
variation in the number and size of silver-mercury amalgam dental restorations. Dietary data on the
former pilots were very limited, so typical patterns of fish consumption are not reported.


Additional North American studies have been reported by various individual states in the United
States.  These are described below and summarized in Table 6-2.


Arkansas


The Arkansas Department of Health reported on total blood mercury for 236 individuals with a
mean of 10.5 µg/L (range “zero” to 75 µg/L) (Burge and Evans, 1996).  Of these, 139 participants had
total blood mercury above 5 µg/L and 36 participants had blood mercury concentrations more than 20
µg/L.  To have been included in the survey, subjects had to confirm that their fish consumption rate was
a minimum of two meals per month with eight ounces of fish per meal.
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Table 6-2
Blood Mercury Concentrations Values Reported for the United States


Study Community Measure of Maximum Additional
Central Information on


Tendency Study


Burge and Evans 236 participants Mean: 10.5 µg/L; All subjects: 75 139 participants
(1996) from Arkansas among men: 12.8 µg/L exceeded 5 µg/L.


µg/L; among
women, 6.9 µg/L. Males: 75 µg/L 30 participants in


Median: All Females: 27 µg/L. 75 µg/L or 15%
subjects 7.1 µg/L >20 µg/L.
Men: 9.0 µg/L
Women: 4.8 µg/L 5% of men had >30


the range of 20 to


µg/L.  No women
had values > 30
µg/L.


Centers for Disease Micousukee Indian Mean: 2.5 µg/L 13.8 µg/L
Control (1993) Tribe of South Median: 1.6 µg/L


Florida.  50 blood
samples from
subjects with mean
age=34 years
(Range 8 to 86
years).


Gerstenberger et al. 68 Ojibwa Tribal 57 participants < 16 53 µg/L 11 individuals had
(1997) members from the µg/L.  Remaining blood mercury in


Great Lakes Region 11 subjects the range 20 to 53
averaged 37 µg/L. µg/L.


Harnly et al. (1997) Native Americans Mean for 44 Tribal Among Tribal 20% of all
living near Clear members: 18.5 µg/L members: Total Hg participants (9
Lake, California. (2.9 µg/L inorganic was 43.5 µg/L (4.7 persons including
Group studied Hg + 15.6 µg/L for µg/L inorganic + four women of
include 44 Tribal organic Hg). 38.8 µg/L organic). childbearing age)
members, and 4 had blood mercury
nontribal members. Mean for 4 For nontribal concentrations � 20


nontribal members: members: Total Hg µg/L.
11.5 µg/L (2.7 µg/L 15.6 µg/L (3.4 µg/L
inorganic + 8.8 inorganic + 12.2
µg/L organic Hg). µg/L organic).







Table 6-2 (continued)
Blood Mercury Concentrations Values Reported for the United States


Study Community Measure of Maximum Additional
Central Information on


Tendency Study
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Humphrey and Lake Michigan Algonac, Lake St. Algonac, Lake St. Mercury
Budd (1996) residents studied in Clair: Clair contamination less


1971. Fisheaters (n=42) intense in South
mean 36.4 Fisheaters: 3.0-95.6 Haven compared
compared with 65 µg/L with Algonac.
low fish consumers
having mean of 5.7 Comparison:
µg/L. 1.1 - 20.6 µg/L


South Haven, Lake
Michigan with
lower Hg South Haven, Lake
contamination. Michigan
Fisheaters (n=54)
had mean 11.8 µg/L Fisheaters: 3.7-44.6
and the comparison µg/L
group of low fish
consumers mean Comparison:
(n=42) of 5.2 µg/L 1.6-11.5 µg/L


Knobeloch et al. Family consuming Initial blood values Six months after
(1995) commercially for wife (37 µg/L) family stopped


obtained seafood. and husband (58 consuming seabass,
µg/L) following blood mercury
regular concentrations for
consumption of the wife (3 µg/L)
imported seabass and husband (5
having mercury µg/L) had returned
concentrations to “background”
estimated at 0.5 to concentrations.
0.7 ppm Hg.


Schantz et al. Adult men and 104 fisheaters: Maximum for Questionnaire on
(1996) women aged 50 to mean=2.3 µg Hg/L fisheaters: 20.5 µg fish-eating patterns


90 years.  Michigan Hg/L included sport-
residents. 84 nonfisheaters: caught Great Lakes


mean=1.1 µg Hg/L. Maximum for fish and purchased
nonfisheaters: 5.0 fish, as well as
µg Hg/L. questions on


patterns of wild
game consumption.
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Great Lakes Region


Schantz et al. (1996) reported on blood mercury levels in an older-adult population (ages 50 to 90
years).  Blood mercury levels for non-fisheaters averaged 1.1 µg/L and for fish-eaters the average was 2.3
µg/L.


Gerstenberger et al. (1997) determined blood mercury levels for 57 Ojibwas Tribal Members
from the Great Lakes Region.  Among the 68 participants 57 had blood mercury concentrations < 16
µg/L.  The remaining 11 subjects had average blood mercury concentrations of 37 µg/L with a maximum
value of  53 µg/L.


Wisconsin


Blood mercury levels among 175 Wisconsin Chippewas Indians who consumed fish from
northern Wisconsin lakes that have fish with high mercury concentrations (>1 ppm) were determined
(Peterson et al., 1994).  Values ranged from nondetectable (i.e., < 1 µg/L) to a high of 33 µg/L.  Twenty
percent (64 individuals) had blood mercury levels > 5 µg/L.  Recent consumption of the fish, walleye,
was associated with elevated blood mercury concentrations.


Knobeloch et al. (1995) investigated mercury exposure in a husband and wife and their two-year-
old son living in Wisconsin.  The individuals had total blood mercury ranging from 37 to 58 µg/L.  The
family’s diet included three to four fish meals per week.  The fish was purchased commercially from a
local market.  Seabass were found to contain mercury at 0.5 to 0.7 ppm.  Six months after the family
stopped consuming the seabass, blood mercury levels in this man and women declined dramatically to 5
and 3 µg/L, respectively.


California


Harnly et al. (1997) determined blood mercury concentrations for 44 members of Native
American tribes and 4 nontribal members living near Clear Lake, California.  The mean for the 44 tribal
members was 18.5 µg/L total mercury (15.6 µg/L organic and 2.9 µg/L inorganic).  The maximum value
was 43.5 µg/L (38.8 µg/L organic and 4.7 µg/L inorganic).   Twenty percent of all participants (including
four women of childbearing age) had blood mercury concentrations � 20 µg/L.  Among nontribal
members total mercury concentrations were lower with a total mercury value of 11.5 (8.8 organic + 2.7
inorganic) µg/L.  The highest value for nontribal members was 15.6 (12.2 organic and 3.4 inorganic)
µg/L.  


Florida


The U.S. Centers for Disease Control (CDC, 1993) conducted a community survey of the tribal
representatives of the Miccousukee Indian Tribe living in South Florida.  Blood mercury levels were
determined for 100 participants who were adult tribal members.  Fish consumption among this group was
low with a maximum of approximately 170 grams/day and 3.5 grams calculated as a daily average.  Total
blood mercury ranged from 0.2 to 13.8 µg/L with median and mean values of 1.6 and 2.5 µg/L,
respectively.  There was a correlation between blood mercury levels and consumption of locally caught
fish.


Maine
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An additional source of data on blood mercury levels is the heavy metal profiles (for lead,
arsenic, cadmium, and mercury) conducted as part of occupational surveillance.  Typically the persons
who receive this type of screening are expected to have exposures to at least one of these metals.
Occupational surveillance may be based on state requirements or Federal statutes.  For example, the State
of Maine has an occupational disease reporting requirement on individuals whose blood mercury
concentrations for total mercury are 5 µg/L and higher and whose urinary total mercury is greater than or
equal to 20 µg/L.  The State of Maine evaluated data on occupational screening for heavy metal exposure
and identified a group of adults having total blood mercury concentrations more than 5 ppb.  Several
cases of elevated blood mercury concentrations were identified.  One case has been reported by Dr.
Allison Hawkes (personal communication, 1997).  The individual was identified with a blood mercury of
21.4 µg/L.  The subject had no known occupational exposure to mercury, but self-reported eating 3 or 4
fish meals per week.  The individual was asked to abstain from consuming fish for 4 or 5 weeks and then
return for follow-up blood testing.  On retesting blood total mercury was only 5 µg/L.  


6.4.2.1 Canadian


As in the United States, normative data for the general population of Canada have not been
identified in compiling information for this Report to Congress.  By contrast to the United States,
information on mercury exposures in the northern regions of the country has been obtained.  The
Department of Indian and Northern Affairs of the Government of Canada reported on Arctic
contaminants in the Canadian Arctic Contaminants Assessment Report in 1997.  Methylmercury levels in
blood since 1970.   For all Aboriginal Peoples the  mean blood mercury concentration was 14.13 
(standard deviation 22.63) and a range of 1 to 660 µg/L (Wheatley and Paradis, 1995) based on 38,571
data points from 514 native communities across Canada. 


Overall, blood mercury concentrations are considered closely tied to consumption of fish and
marine mammals.  The highest levels are found among Aboriginal residents with particular high levels
found in northern Quebec and among the northern and eastern Inuit communities.  No downward trend
was evident in Inuit blood mercury concentrations between 1975 and 1987, but more recent data (1992 to
1995) indicated lower levels of mercury in some groups (Jensen et al., 1997, page 336).  


Quebec


 Within the values reported in the Canadian Arctic Contaminants Assessment Report  (Jensen et
al., 1997) particularly high mean concentrations were observed among the Inuit (Nunavik) of Quebec. 
Mean total mercury concentration of 47 µg/L (SD 33, range 3 to 267 µg/L) was identified among 1114
Inuit of Quebec.  The Northern (Cree) had mean values of 34 (SD 41, range 2 to 649 µg/L) among 4,670
blood values and 42.9 (SD 52, range 2 to 649) based on 1,129 blood values. 


North West Territory


The Nunavut (Inuit) of the North West Territory also have elevated blood mercury levels with
mean values during the 1970s through late 1980s averaging between 17 and 40 µg/L (upper extent of this
range going to 226 µg/L).  The Western (Dene) population had lower blood mercury levels with means
between 11 and 17 µg/L (upper extent of the Dene range to 138 µg/L).  


6.5 Hair Mercury as a Biomarker of Methylmercury Exposure


6.5.1 Hair Composition
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Hair is approximately 95% proteinaceous and 5% a mixture of lipids, glycoproteins, remnants of
nucleic acids, and in the case of pigmented hairs, of melanin and phaeomelanin.  Hair contains a central
core of closely packed spindle-shaped cortical cells, each filled with macrofibrils which in turn consist of
a microfibril/matrix composite.  The long axes of the cells and their fibrous constituents are oriented
along the long axis of the hair.  The amino acid composition of hair is high in those amino acids with
side-chains (particularly, those containing “reactive” groups such as cystine, cysteine, tyrosine,
tryptophan, acidic and basic amino acids, as well as terminal carboxyl or amino groups).  The cortical
core is covered by sheet-like cells of the cuticle.  The surfaces of all the cells of the hair shaft have a thin
layer of lipid which is covalently attached to the underlying proteins.  


Hair has been assumed to grow at the rate of one centimeter a month (Kjellstrom et al., 1989; 
Marsh et al., 1980). However, there is variability in the rate of hair growth.  Growth determined
experimentally is between 0.9 and 1.3 cm per month (Barman et al., 1963; Munro, 1966; and Saitoh,
1967).


Mercury is incorporated into hair during the growth of hair.  Hair mercury concentrations are
presumed to reflect blood mercury concentrations at the moment of hair growth.  Whether the
predominant chemical species is inorganic mercury or methylmercury depends on exposure patterns and
on the extent of demethylation of methylmercury.  Hair mercury (ug/g) and blood mercury (ng/L) ratios
range from 190:1 up to 370:1 (Skerfving, 1974; Phelps et al., 1980; Turner et al., 1980; Sherlock et al.,
1984). Higher ratios have recently been reported.   Additional discussion of the hair to blood mercury
ratio is found in the volume on human health.  This is one source of person-to-person variability
considered in selection of uncertainty factors in determining U.S. EPA’s Reference Dose for
methylmercury.


Chemical analyses to determine mercury concentrations in hair determine total mercury rather
than chemical species of mercury.  In order to dissolve hair samples, they must be put through an acid
digestion.  The process of acid digestion will convert virtually all of the mercury in the biological sample
to inorganic mercury (Nixon et al., 1996).  Consequently the fraction of hair mercury that is
methylmercury is only an estimate based on what is known of environmental/occupational exposure
patterns.


The frequency of fish consumption has been used as a guide to differences in hair mercury
concentrations (Airey, 1983).  Within a general population as fish consumption increases, hair mercury
concentration will also increase.  However, the amount of mercury in hair depends on the concentration
of mercury present in fish consumed.  Comparison of recent studies from Bangladesh (Holsbeek et al.,
1996) and Papua New Guinea (Abe et al., 1995) illustrates these differences.  Holsbeek et al. (1996)
found a highly significant positive correlation (r=0.88, P<0.001) between fish consumption and hair
mercury concentrations.  Total hair mercury concentrations had a mean value of 0.44±0.19 µg/g (range
0.02 to 0.95) and a fish consumption of 2.1 kg/month (range 1.4 to 2.6).  The low concentrations in hair
reflect the low concentrations of methylmercury in Bangladesh fish.  Abe et al. (1995) evaluated 134
fish-consuming subjects and 13 nonfish-eating subjects in Papua, New Guinea.  Among the fish
consumers hair mercury levels had a mean mercury concentrations of 21.9 µg/g (range 3.7 to 71.9). 
Average fish consumption was 280 grams/day (range=52 to 425) or about 8.4 kg/month producing an
average methylmercury intake of 84 µg/day.  Among the nonfish consumers the mean hair mercury was
0.75±0.4 µg/g.  The difference in hair mercury concentration in Bangladesh and New Guinea were
considerably greater than the differences in fish mercury.  
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6.5.2 Hair Mercury Concentrations in North America


6.5.2.1 United States


Data do not exist describing hair mercury concentrations that are representative of the United
States population as a whole.  This is similar to the situation for blood mercury concentrations.  Limited
data from smaller studies are described below and summarized in Table 6-3.


U.S. Communities


Crispin-Smith et al. (1997) analyzed hair mercury concentrations in 1431 individuals living in
the United States.  The communities in which these individuals resided were not identified.  Mean values
in these studies were < 1 µg/g.  Fish consumers had slightly higher blood mercury concentrations than
did nonfish consumers (0.52 vs. 0.48).  The maximal value reported in this survey was 6.3 µg/g. 
Statistical information on these data is not available currently.


New York Metropolitan Area, New Jersey, Alabama (Birmingham), and North Carolina
(Charlotte)


Creason et al. (1978a, 1978b, and 1978c) evaluated children and adults living in these cities in
the early 1970s.  Mean values for all groups of children and adults were less than 1 µg/g.  Maximum
values were in the range of 5 to 11.3 µg/g of hair.  Adult values were slightly higher than those of
children.


California


Airey (1983) determined hair mercury concentrations among about 100 subjects living in
Southern California (LaJolla and San Diego).  Mean values were in the range of 2 to 3 µg Hg/gram, with
maximum values in the range of 4.5 to 6.6 µg/g..  Harnly et al. (1997) determined hair mercury among
Tribal and nontribal group members living near Clear Lake, California.  Mean values were typically less
than 1 µg/g., with maximum values of 1.8 µg/g. among Tribal members and 2.3 µg/g  among non-Tribal
members.  


Maryland


Airey (1983) found mean concentrations of about 1.5 to 2.3 µg/g in adults living in Maryland
(communities were not identified).  Maximum concentrations were 4.5 µg/g..  


State of Washington


Lazaret et al. (1991) identified hair mercury concentrations < 1 µg/g. and a maximum value of
1.5 µg/g.  Earlier Airey (1983) reported mean values of 1.5 to 3.8 µg/g among small numbers of subjects. 
The maximum value reported was 7. 9 µg/g. 


Florida


CDC (1993) surveyed 330 subjects living in the Florida Everglades and determined that average
hair mercury concentrations were 1.3 µg/g..  The maximum value was 15.6 µg/g.
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Wisconsin


Knobeloch et al. (1995) reporting on two individuals with blood mercury concentrations of 38
and >50 µg/g. found the individuals hair mercury concentrations were 11 and 12 µg/g. 


Great Lakes Region


Gerstenberger et al. (1997) determined mean mercury concentrations were less than one µg/g.
among 78 Ojibwa Tribal members.  The maximum hair mercury concentration was 2.6 µg/g.


Alaska


Lazaret et al., (1991) reported hair mercury concentrations averaging 1.4 µg/g among 80 women
of childbearing age.  The maximum hair mercury concentrations were 15.2 µg/g.


Table 6-3
Hair Mercury Concentrations (ug Hg/gram hair or ppm) from Residents


of Various Communities in the United States


Study Community Mean Maximum Additional
Concentration Concentration Information on


Study


Creason et al., New York Children (n=280); Children, 11.3 ppm Survey conducted
1978a Metropolitan Area 0.67 ppm in 1971 and 1972


Adults (n=203); Adults, 14.0 ppm
0.77


Creason et al., Four communities in Children (n=204), Children, 4.4 ppm Survey conducted
1978b New Jersey: 0.77 ppm in 1972 and 1973


Ridgewood, Adults (n=117), Adults, 5.6 ppm
Fairlawn, Matawan 0.78 ppm
and Elizabeth


Creason et al., Birmingham, Children (n=322), Children, 5.4 ppm; Survey conducted
1978c Alabama, and 0.46 ppm in 1972 and 1973


Charlotte, North Adults (n-117) 0.78 Adults, 7.5 ppm
Carolina ppm







Table 6-3 (continued)
Hair Mercury Concentrations (ug Hg/gram hair or ppm) from Residents


of Various Communities in the United States


Study Community Mean Maximum Additional
Concentration Concentration Information on


Study
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Airey, 1983 U.S. data cited by 1) Males (n=22), 1)  6.2 ppm
Airey, 1983. 2.7 ppm;


Community not (n=16), 2.6 ppm;
identified. 3)  Males and 3) 5.6 ppm


2).  Females 2)  5.5 ppm


Females (24
subjects), 2.1 ppm;
4) Males and 4)  6.6 ppm
Females (31
subjects), 2.2 ppm;
5) Males and 5)  7.9 ppm
Females 924
subjects) 2.9 ppm;
6) Males and 6)  7.9 ppm
Females (79
subjects), 2.4 ppm.


Airey, 1983 U.S. data cited by 1)  2.4 ppm (13 1)   6.2 ppm
Airey, 1983 men);


Community women);
identified: LaJolla- 3)  2.3 ppm (8 3)   4.5 ppm
San Diego subjects including


2)  2.7 ppm (13 2)   5.5 ppm


men and women);
4) 2.9 ppm (17
subjects including
men and women);
5) 2.6 ppm (5 5)   6.2 ppm
subjects including
men and women);
6) 2.8 ppm (30 6)   6.6 ppm
subjects including
men and women).


Airey, 1983 U.S. data cited by 1) 1.8 ppm (11 1)   3.8 ppm
Airey, 1983.  Area subjects, men and
identified: Maryland women);


2)  1.5 ppm (11 2)   3.9 ppm
subjects, men and
women);
3) 2.3 ppm (11 3)   4.5 ppm
subjects, men and
women);
4) 1.9 ppm (33 4)   4.4 ppm
subjects, men and
women).







Table 6-3 (continued)
Hair Mercury Concentrations (ug Hg/gram hair or ppm) from Residents


of Various Communities in the United States


Study Community Mean Maximum Additional
Concentration Concentration Information on


Study
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Airey, 1983 U.S. data cited by 1) 3.3 ppm (9 men); 1)  5.6 ppm
Airey, 1983 2.  2.2 ppm (3 2)  4.1 ppm
Community women);
identified: Seattle. 3)  2.6 ppm (5 3)  5.6 ppm


subjects men and
women);
4)  1.5 ppm (3 4)  2.1 ppm   
subjects, men and
women);
5)  3.8 ppm (8 5)  7.9 ppm
subjects, men and
women);
6)  3.0 ppm (16 6)  7.9 ppm
subjects, men and
women).


Crispin-Smith et U.S., Communities 0.48 ppm (1,431 6.3 ppm The 1009
al., 1997 and distribution not individuals); individuals are a


identified 0.52 ppm (1009 subset of the 1431
individuals subjects.
reporting some
seafood
consumption)


Lasora et al., 1991 Nome, Alaska 1.36 ppm 15.2 ppm
(80 women of
childbearing age)


Lasora et al., 1991 Sequim, Washington 0.70 ppm (7 women 1.5 ppm
of childbearing age)


Fleming et al.,  Florida Everglades 1.3 ppm (330 15.6 ppm To be included in
1995 subjects, men and the survey the


women) subjects had to have
consumed fish or
wildlife from the
Everglades.


Knobeloch et al., Wisconsin, urban 2 adults (1 man, 1
1995 woman); values 11


and 12 ppm







Table 6-3 (continued)
Hair Mercury Concentrations (ug Hg/gram hair or ppm) from Residents


of Various Communities in the United States


Study Community Mean Maximum Additional
Concentration Concentration Information on


Study
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Gerstenberger et Ojibwa Tribal 47% > 0.28 ppm. 2.6 ppm
al., 1997 members from the Among individuals


Great Lakes Region with values above
the level of
detection, the mean
was 0.83 ppm based
on 78 subjects


Harnly et al., 1997 Native Americans 68 Tribal members. Maximum value for
living near Clear Mean value: 0.64 Tribal members:
Lake, California. ppm. 1.8 ppm


4 non-Tribal Maximum value for
members.  Mean non-Tribal
value: 1.6 ppm members: 2.3 ppm


6.5.2.2 Summary of Data on Hair Mercury Concentrations


Available data indicate that mean mercury concentrations in the U.S. population are typically
less than 3 µg/g and often less than 1 µg/g, although, maximum concentrations of more than 15 µg/g are
reported.  Hair mercury concentrations of greater than 10 µg/g have been associated with mercury
exposure from fish.  The shape of the distribution of hair mercury concentrations in the United States is
not well documented.  Comparison of data summarized by Airey (1983) on the association between
frequency of fish meals, mean and range of hair mercury concentrations reveals (see Table 6-4):


• The arithmetic mean of hair mercury from the U.S. surveys is consistent with the lower
bound of the range associated with fish ingestion rates of less than once a month to as
frequent as once a week. 


• The maximum values identified in the surveys are consistent with fish consumption of 
every week to every day.


Table 6-4
Association of Hair Mercury Concentrations (ug Hg/gram hair) with


Frequency of Fish Ingestion by Adult Men and Women
Living in 32 Locations within 13 Countries (Airey, 1983)


Frequency of Fish Meals Arithmetic Mean Range


Once a Month or Less 1.4 0.1-6.2


Twice a Month 1.9 0.2-9.2


Every Week 2.5 0.2-16.2


Every Day 11.6 3.6-24.0
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6.6 Conclusions


6.6.1 Blood Mercury Levels


Mercury in blood is a reflection of exposures in recent days and weeks to environmental
mercury. Typically blood mercury values are reported as total mercury, although chemically speciated
mercury analyses often are included in reports published in the 1990s.  Organic mercury in blood
generally reflects methylmercury intake from fish and shellfish.  At progressively higher dietary intakes
of fish and shellfish, the fraction of total blood mercury that is organic mercury increases becoming more
than 95% at high levels of fish consumption.
  


Blood mercury concentrations (µg Hg/L) in healthy populations are less than 3 µg/L (5 µg/kg
packed cells and 0.5 µg/L serum) based on values published by the International Union for Pure and
Applied Chemistry (1996).  The U.S. EPA RfD is associated with a whole blood mercury concentration
of 4 to 5 µg/L.  The “benchmark dose” for methylmercury used in setting the RfD is 44 µg/L based on
neurotoxic effects observed in Iraqi children exposed in utero. 


There are no representative data on blood mercury for the U.S. population as a whole.  In the
United States (in the peer-reviewed literature published in the 1990s), blood mercury concentrations in
the range of 50 to 95 µg/L have been reported and attributed to the consumption of fish and shellfish. 
Among groups of anglers and Native American Tribal groups, mean blood mercury levels in the range of
10 to 20 µg/L have been reported.  Blood mercury concentrations greater than 20 µg/L and attributable to
consumption of fish and shellfish have been identified among women of childbearing age in the United
States. 


6.6.2 Hair Mercury Levels


Mercury is incorporated in hair as it grows.  Typically the centimeter of hair nearest the scalp
reflects mercury exposure during the past month.  The extent to which  the predominant chemical species
in hair is a function of methylmercury exposure depends on environmental exposure patterns. 
Methylmercury in the diet results in elevated hair mercury concentrations.  Dietary sources documented
to produce elevated hair mercury concentrations include fish, shellfish, and flesh from marine mammals.  
  


There are no representative data on hair mercury concentrations for the U.S. population as a
whole.  Typical values in the United States are less than 1 µg/g.  Maximum hair mercury concentrations
of 15 µg/gram and higher have been reported in the United States.  Hair mercury concentrations greater
than 10 µg/gram have been reported for women of childbearing age living in the United States.  U.S.
EPA’s RfD is associated with a hair mercury concentration of approximately 1 µg/g.  The “benchmark”
dose is associated with a hair mercury concentration of 11.1 µg/g and is based on neurotoxic effects
observed in Iraqi children exposed in utero to methylmercury.







7-1


7. CONCLUSIONS


� The results of the current exposure of the U.S. population from fish consumption indicate that
most of the population consumes fish and is exposed to methylmercury as a result.
Approximately 85% of adults in the United States consumer fish and shellfish at least once a
month with about half of adults selecting fish and shellfish as part of their diets at least once a
week (based on food frequency data collected among more than 19,000 adult respondents in the
NHANES III conducted between 1988 and 1994).  This same survey identified 1-2% of adults
who indicated they consume fish and shellfish almost daily.


� For the modeled fish ingestion scenarios, the local emission sources are predicted to account for
the majority of the total mercury exposure for water bodies close to the sources.  This is
particularly true for the hypothetical western site, where background and regional atmospheric
contributions to the total mercury concentration in the water column are predicted to be lower.


� Consumption of fish is the dominant pathway of exposure to methylmercury for fish-consuming
humans.  There is a great deal of variability among individuals in these populations with respect
to food sources and fish consumption rates.  As a result, there is a great deal of variability in
exposure to methylmercury in these populations.  The anthropogenic contribution to the total
amount of methylmercury in fish is, in part, the result of anthropogenic mercury releases from
industrial and combustion sources which increases mercury body burdens in fish.  As a
consequence of human consumption of the affected fish, there is an incremental increase in
exposure to methylmercury.  Terrestrial exposures were evaluated in the modeling analysis;
inorganic mercury species were predicted to be the dominant chemical species to which humans
are exposed.


� In the nationally-based dietary surveys, the types of fish most frequently reported to be eaten by
consumers are tuna, shrimp, and Alaskan pollock.  The importance of these species is
corroborated by U.S. National Marine Fisheries Service data on per capita consumption rates of
commercial fish species.


� National surveys indicate that Asian/Pacific Islander-American and Black-American
subpopulations report more frequent consumption of fish and shellfish than other survey
participants.


� Superimposed on this general pattern of fish and shellfish consumption is freshwater fish
consumption, which may pose a significant source of methylmercury exposure to consumers of
such fish.  The magnitude of methylmercury exposure from freshwater fish varies with local
consumption rates and methylmercury concentrations in the fish.  The modeling exercise
indicated that some of these methylmercury concentrations in freshwater fish may be elevated as
a result of mercury emissions from anthropogenic sources.  Exposures may be elevated among
some members of this subpopulation; these may be evidenced by analyses of blood mercury
showing concentrations in excess of 10 micrograms per liter (µg/L) that have been reported
among multiple freshwater fish-consumer subpopulations.  The mean value of blood mercury in
an Arkansas study was 10µg/L.  Because general populations data on the distribution of blood
mercury concentrations have not been gathered, it is not known how common blood mercury
concentration above 10µg/L are.
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� An assessment of consumption of fish and shellfish was based on data obtained from
contemporary nationally based dietary surveys conducted by the United States government:  the
third National Health and Nutrition Examination Survey conducted between 1988 and 1994
(National Center for Health Statistics of the Centers for Disease Control) and the 1994 and 1995
Continuing Surveys of Food Intakes by Individuals (United States Department of Agriculture). 
Data on mercury concentrations in fish and shellfish were obtained from national database
compiled by the National Marine Fisheries Service and the U.S. Environment Protection Agency.


The results of the assessment show that the predicted average exposure among make and female
fish consumers of reproductive age is 0.1 micrograms of methylmercury per kilogram of body
weight per day based on a single day’s estimate.  The comparable 90th percentile estimate is
approximately four times this level.  Median “per user” fish/shellfish consumption values across
these nationally representative surveys were between 73 and 79 grams/day based on single-day
estimates.  The comparable 90th percentile values ranged between 186 and 242 grams/day based
on single-day estimates.


The single-day estimates are used to project month-long fish/shellfish consumption when
combined with frequency of fish/shellfish consumption estimates obtained from adult
participants in NHANES III.  The single-day estimates of fish/shellfish consumption provide
portion sizes to estimated the impact of intermittent consumption of fish containing mercury at
concentrations considerably above that commonly encountered in the commercial market, e.g.,
approximately 0.5 ppm and higher.  Fish with mercury concentrations averaging over 0.5 ppm
include swordfish and shark among marine fish and smallmouth bass, largemouth bass, channel
catfish, walleye, and northern pike among freshwater fish.


� Exposure rates to methylmercury among fish-consuming children are predicted to be higher than
for fish-consuming adults on a body weight basis.  The 50th percentile exposure rate among fish-
consuming children ages 3 through 6 years is approximately 0.3 micrograms per kilogram of
body weight per day based on single day estimates.  Predicted exposures at the 90th percentile
are approximately three-times greater or 0.8 to one microgram of mercury per kilogram of body
weight on a single day.  Estimated month long mercury exposures among 3 through 6 year-old
children are 0.03 at the 50th percentile and 0.17 at the 90th percentile using adult data to predict
how often children consume fish and shellfish.  It is uncertain how well the adult data are
predictive for children because data for children are not available.


� Exposures among specific subpopulations including anglers, Asian-Americans, and members of
some Native American Tribes indicate that their average exposures to methylmercury may be
more than two-times greater than those experience by the average population.


� Predicted high-end exposures to methylmercury are caused by one or two factors or their
combination: 1) high consumption rates of methylmercury contaminated fish, water and/or 2)
consumption of types of fish which exhibit elevated methylmercury concentrations in their
tissues.  Of these two factors the former appears to be more significant for overall population
exposures.


� Blood mercury concentrations and hair mercury levels are biomarkers used to indicate exposure
to mercury.  Inorganic mercury exposures occur occupationally and for some individuals through
folk/hobby exposures to inorganic mercury.  Dental restorations with silver-mercury amalgams
can also contribute to inorganic mercury exposures.  Methylmercury exposure is almost
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exclusively through consumption of fish, shellfish, and marine mammals.  Occupational
exposures to methylmercury are rare.


Data describing blood and/or hair mercury for a population representative of the United States do
not exist, however, some data are available.  Blood mercury concentrations, attributable to
consumption of fish and shellfish, in excess of 30 µg/L have been reported in the United States. 
Hair mercury concentrations in the United States are typically less than 1µg/g, however, hair
mercury concentration greater than 10µ/g have been reported for women of childbearing age
living in the United States.  U.S. EPA’s RfD is associated with a blood mercury concentration of
4-5 µg/L and a hair mercury concentration of approximately 1µg/g.  The “benchmark” dose is
associated with mercury concentrations of 44µg/L in blood and 11.1 µg/g in hair.  The
“benchmark” dose for methylmercury is based on neurotoxic effects observed in Iraqi children
exposed in utero to methylmercury.


� To improve the quantitative exposure assessment modeling component of the risk assessment for
mercury and mercury compounds, U.S. EPA would need more and better mercury emissions data
and measured data near sources of concern, as well as a better quantitative understanding of
mercury chemistry in the emission plume, the atmosphere, soils, water bodies, and biota.


� To improve the exposure estimated based on surveys of fish consumption, more study is needed
among potentially high-end fish consumers, which examines specific biomarkers indicating
mercury exposure (e.g., blood mercury concentrations and hair mercury concentrations).


� A pharmacokinetic-based understanding of mercury partitioning in children is needed. 
Additional studies of fish intake and methylmercury exposure among children are needed.
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DISTRIBUTION NOTATION


A comprehensive uncertainty analysis was not conducted as part of this study.  Initially,
preliminary parameter probability distributions were developed.  These are listed in Appendicies A and
B.  These were not utilized in the generation of quantative exposure estimates.  They are provided as a
matter of interest for the reader.


Unless noted otherwise in the text, distribution notations are presented as follows.


Distribution Description


Log (A,B) Lognormal distribution with mean A and standard deviation B


Log*(A,B) Lognormal distribution, but A and B are mean and standard deviation
of underlying normal distribution.


Norm (A,B) Normal distribution with mean A and standard deviation B


U (A,B) Uniform distribution over the range (A,B)


T (A,B,C) Triangular distribution over the range (A,C) with mode of B
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A. EXPOSURE MODEL PARAMETERS


This appendix describes the parameters used in the exposure modeling for the Mercury Study
Report to Congress. For other environmental fate model parameters the reader is referred to Appendicies
A-C of Volume 3.


A.1 Chemical Independent Parameters


Chemical independent parameters are variables that remain constant despite the specific
contaminant being evaluated.  The chemical independent variables used in this study are described in the
following sections.


A.1.1 Basic Constants


Table A-1 lists the chemical independent constants used in the study, their definitions, and
values. 


Table A-1
Chemical Independent Constants


Parameter Description Value


R ideal gas constant 8.21E-5 m -atm/mole-K3


pa air density 1.19E-3 g/cm3


ua viscosity of air 1.84E-4 g/cm-second


Psed solids density 2.7 kg/L


Cdrag drag coefficient 1.1E-3


� Von Karman's coefficient 7.40E-1


� boundary thickness 4.0 2


A.1.2 Receptor Parameters


Receptor parameters are variables that reflect information about potential receptors modeled in
the study.  These parameters include body weight, exposure duration, and other characteristics of
potential receptors.


A.1.2.1 Body Weight


Parameter: BWa, BWc


Definition: Body weights (or masses) of individual human receptors


Units: kg
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Receptor Default Value (kg)


Child 17


Adult 70


Technical Basis:


The default values for children and adults are those assumed in U.S. EPA, 1990.


A.1.2.2 Exposure Duration


Parameter: ED


Definition: Length of time that exposure occurs.


Units: years


Receptor Default Value Distribution Range
(years) (years)


Child 18 U(1,18) 1-18


Adult 30 U(7,70) 7-70


Technical Basis:


The 18-year exposure duration for the child is based on U.S. EPA guidance for this study.  For
adults, the 30-year duration is the assumed lifetime of the facility (U.S. EPA, 1990).  It should be noted
for noncarcinogenic chemicals the exposure duration is not used in the calculations.   The range and
distribution are arbitrary to determine the relative sensitivity of this variable, when appropriate.


A.1.4 Exposure Parameters


Exposure parameters are variables that directly affect an individual's dose or intake of a
contaminant.  Such parameters include inhalation and ingestion rates of air, water and crops and the
surface area of skin for the purposes of dermal contact scenarios.
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A.1.4.1 Inhalation Rate


Parameter: INH


Definition: Rate of inhalation of air containing contaminants.


Units: m /day3


Receptor Default Value Distribution
(m /day)3


Infant 5.14 T(1.7,5.14,15.4)


Child 16 T(2.9,16,53.9)


Adult 20 T(6,20,60)


Technical Basis:


The default value for infants is the central value of the distribution used for 1 year olds in
Hanford Environmental Dose Reconstruction Project (HEDR) (1992) and is from Roy and Courtay
(1991). The default value for children is based on U.S. EPA (1990).   The default value for adults is that
recommended in U.S. EPA (1991), which states that this value represents a reasonable upper bound for
individuals that spend a majority of time at home.


The range for infants is that used for 1 year olds in HEDR (1992) and was determined  by scaling
the value 5.14 by 0.3 and 3.0, respectively.  The range for children is the smallest range containing the
values used for 5-, 10-, and 15-year-old children in HEDR (1992).  The range for the adult was obtained
by scaling the default value by the same numbers used for infants of 0.3 and 3.0 (we note that HEDR,
1992 used a slightly higher central value of 22 m /day).3


To prevent a bias towards upper-end inhalation rates, triangular distributions were considered
more appropriate than more arbitrary uniform distributions, with a most likely value equal to the default
value.
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A.1.4.2 Consumption Rates


Parameter: CPi, CAj


Definition: Consumption rate of food product per kg of body weight per day.


Units: g dry weight/kg BW/day


Food Type Child (gDW/kgBW/day) Adult (g DW/kg BW/day)


Leafy Vegetables 0.008 0.0281


Grains and cereals 3.77 1.87


Legumes 0.666 0.381


Potatoes 0.274 0.170


Fruits 0.223 0.570


Fruiting vegetables 0.120 0.064


Rooting Vegetables 0.036 0.024


Beef, excluding liver 0.553 0.341


Beef liver 0.025 0.066a


Dairy (milk) 2.04 0.599


Pork 0.236 0.169


Poultry 0.214 0.111


Eggs 0.093 0.073


Lamb 0.061 0.057a


 Only the 95-100 percentile of the data from TAS (1991) was nonzero.a


Technical Basis:


All of the values reported above are given on a gram dry weight per kg of body weight per day
basis.  With the exception of the ingestion rates for adults for leafy vegetables and fruits, the values are
either the 50-55 percentile (or the 95-100 percentile if the median was zero) of the data from Technical
Assessment Systems, Inc. (TAS).  The values for the percentiles were reported in g DW/kg of body
weight per day. 


TAS conducted this analysis of food consumption habits of the total population and five
population subgroups in the United States. The data used were the results of the Nationwide Food
Consumption Survey (NFCS) of 1987-88 conducted by the United States Department of Agriculture. 
The information in the NFCS was collected during home visits by trained interviewers using one-day
interviewer-recorded recall and a two-day self-administered record.  A stratified area-probability sample
of households was drawn in the 48 contiguous states from April 1987 to 1988.  More than 10,000
individuals provided information for the basic survey.
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Each individual's intake of food was averaged across the 3 days of the original NFCS survey, and
food consumption for each food group was determined for each individual.  Percentiles were then
computed for six population subgroups:


• U.S. population
• males � 13 years
• females � 13 years
• children 1-6 years
• children 7-12 years
• infants < 1 year.


The values for children in the previous table are based on the data for children between 7 and 12
year of age, while the adult values are for males older than 12 years of age.  The males older than
12 years of age were chosen to represent the adult since rates for females are lower; this is recoganized to
be somewhat conservative.  The United States population rates include the rates of children which were
considered inappropriate for the hypothetical adult receptors modeled in this analysis.


The values for leafy vegetables and fruits for adults are from (USU.S. EPA 1989).


A.1.4.3 Soil Ingestion Rate


Parameter: Cs


Definition: Amount of soil ingested daily.


Units: g/day


Receptor Default Value (g/day) Distribution Range (g/day)


Pica Child 7.5 U(5,10) 5-10


Child 0.2 U(0.016,0.2) 0.016-0.2


Adult 0.1 U(0.016,0.1) 0.016-0.1


Technical Basis:


Soil ingestion may occur inadvertently through hand-to-mouth contact or intentionally in the case
of a child who engages in pica.  The default values for adults and non-pica children are those suggested
for use in U.S. EPA (1989).  More recent studies have found that these values are rather conservative. 
For example,  Calabrese and Stanek (1991) found that average soil intake by children was found to range
from 0.016 to 0.055 g/day.  This range, in conjunction with the suggested U.S. EPA values, was used to
obtain the ranges shown.


Several studies suggest that a pica child may ingest up to 5 to 10 g/day (LaGoy, 1987, U.S. EPA,
1989).  This range was selected, and the midpoint was chosen as the default value.
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A.1.4.4 Groundwater Ingestion Rate


Parameter: Cw


Definition: The amount of water consumed each day.


Units: L/day


Receptor Default Values Distribution
(L/day)


Child 1.0 Log*(0.378; 0.079)


Adult 2.0 Log*(0.1; 0.007)


Technical Basis:


The default values for children and adult are those also suggested in U.S. EPA (1989) and were
first published by the Safe Drinking Water Committee of the National Academy of Sciences (NAS,
1977).


The distributions are those computed in Roseberry and Burmaster (1992).  In that paper,
lognormal distributions were fit to data collected in a national survey for both total water intake and tap
water intake by children and adults.  These data were originally gathered in the 1977-1978 Nationwide
Food Consumption Survey of the United States Department of Agriculture and were analyzed by Ershow
and Cantor (1989).


In Roseberry and Burmaster (1992), distributions were fit to the intake rates for humans ages 0-1
year, 1-11 years, 11-20 years, 20-65 years and older than 65 years.  The distribution for children ages 1-
11 was chosen for the child's distribution given in the previous table and the distribution for adults ages
20-65 was used for the adult.  For the purpose of the present analysis, the tap water intake was deemed
more appropriate than total water intake. The total water intake included water intrinsic in foods that are
accounted for in the agricultural pathways, while the tap water intake was the sum of water consumed
directly as a beverage and water added to foods and beverages during preparation.


The minima and maxima were selected as the 2.5 and 97.5 percentiles, respectively.
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A.1.4.5 Fish Ingestion Rate


Parameter: Cf


Definition: Quantity of locally - caught fish ingested per day.


Units: g/day


Receptor Default Value (g/day)


High End Fisher   60


Child of high end fisher 20


Recreational Angler 30


Technical Basis:


Because of the bioaccumulation of methylmercury in fish, the fish ingestion rate is an important
parameter for modeling mercury exposure.  Fish consumption rates are difficult to determine for a
general population study because individual fish ingestion rates vary widely across the United States. 
This animal protein source may be readily consumed or avoided on a seasonal, social, economic or
demographic basis.  Ideally, for an actual site, specific surveys identifying the type, source, and quantity
of fish consumed by area residents would be used.  Within the context of this study, it is not possible to
characterize this variability completely.


For this part of the assessment, individuals in three broad groups of exposed populations will be
considered:  high end fishers, recreational anglers and the general population.  For the general
population, no commercial distribution of locally caught fish was assumed.  All consumers of locally-
caught fish were assumed to be recreational anglers or subsistence fishers.


In U.S. EPA's 1989 Exposure Factors Handbook, fish consumption data from Puffer (1981) and
Pierce et al. (1981) are suggested as most appropriate for fish consumption of recreational anglers from
large water bodies.  The median of this subpopulation is 30 g/day with a 90th percentile of 140 g/day
(340 meals/year).  The median was used as the surrogate value for recreational anglers.


For subsistence fishers, human fish consumption data were obtained from the report of the
Columbia River Inter-Tribal Fish Commission (1994), which estimated fish consumption rates for
members of four tribes inhabiting the Columbia River Basin.  The estimated fish consumption rates were
based on interviews with 513 adult tribe members who lived on or  near the reservation.  The participants
had been selected from patient registration lists provided by the Indian Health Service.  Adults
interviewed provided information on fish consumption for themselves and for 204 children under 5 years
of age.


During the study fish were consumed by over 90% of the population with only 9% of the
respondents reporting no fish consumption.  Monthly variations in consumption rates were reported. The
average daily consumption rate during the two highest intake months was 107.8 grams/day, and the daily
consumption rate during the two lowest consumption months was 30.7 grams/day.  Members who were
aged 60 years and older had an average daily consumption rate of 74.4 grams/day.  During the past two
decades, a decrease in fish consumption was generally noted among respondents in this survey.  The
maximum daily consumption rate for fish reported for this group was 972 grams/day.
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The mean daily fish consumption rate for the total adult population (aged 18 years and older) was
reported to be 59 grams/day.  The mean daily fish consumption rate for the adult females surveyed was
56 g/day and the mean daily fish consumption rate for the adult males surveyed was 63 grams.  A value
of 60 grams of fish per day was selected for the subsistence angler modeled in this report.


Other fish consumption rate studies for specific subpopulations (i.e., anglers and subsistence
consumers) have been conducted.  These studies are briefly described in Volume IV.  These studies
demonstrate the wide range of fish consumption rates exhibited across the U.S. population.  They also
tend to corroborate the estimates to be used in this analysis.  These analyses also illustrate the difficulty
in determining average and high-end consumption rates for subpopulations considered to be more likely
to consume more fish.


In the lacustrine scenarios of this assessment, all fish were assumed to originate from the lakes,
which are considered to represent several small lakes that may be present in a hypothetical location.


The effects of fish preparation for food on extant mercury levels in fish have also been evaluated
(Morgan et al., 1994).  Total mercury levels in walleye  were found to be constant before and after
preparation; however, mercury concentrations in the cooked fish were increased 1.3 to 2.0 times when
compared to mercury levels in the raw fish.  It was suggested that this increase was probably due to water
and fat loss during cooking and fish skin removal.  A preparation factor adjustment was noted but not
implemented in this analysis because human consumption levels were measured on uncooked fish.  For
more information see Volume IV.
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A.1.4.6 Contact Fractions


Parameter: FPi, Faj


Definition: that fraction of the food type grown or raised on contaminated land


Units: Unitless


Food Subsistence Rural Home Urban Gardener Comment
Farmer Gardener/


Subsistence Fisher


Grains 1 0.667 0.195 Values are for corn from
Table 2-7 in U.S. EPA
(1989)


Legumes 1 0.8 0.5 Values are for peas from
Table 2-7 in U.S. EPA
(1989).


Potatoes 1 0.225 0.031 Values are for total fresh
potatoes from Table 2-7 in
U.S. EPA (1989).


Root Vegetables 1 0.268 0.073 Values are for carrots from
Table 2-7 in U.S. EPA
(1989).


Fruits 1 0.233 0.076 citrus fruit from Table 2-7
Values are for Total non-


in U.S. EPA (1989).


Fruiting 1 0.623 0.317 Values are for tomatoes
Vegetables from Table 2-7 in U.S. EPA


(1989).


Leafy Vegetables 1 0.058 0.026 Values are for lettuce from
U.S. EPA (1989).


Beef 1 0 0


Beef liver 1 0 0


Dairy 1 0 0


Pork 1 0 0


Poultry 1 0 0


Eggs 1 0 0


Lamb 1 0 0


Technical Basis:


The values for the subsistence farmer are consistent with the assumptions regarding this scenario. 
The values for the gardeners are from U.S. EPA (1989), per U.S. EPA guidance.  Because it is assumed
that only the subsistence farmers will consume contaminated animal products, the contact fractions for
gardeners is 0 for consumption of local animal products.
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A.2 Chemical Dependent Parameters


Chemical dependent parameters are variables that change depending on the specific contaminant
being evaluated.  The chemical dependent variables used in this study are described in the following
sections.


A.2.1 Basic Chemical Properties


The following sections list the chemical properties used in the study, their definitions, and
values.


A.2.1.1 Molecular Weight


Parameter: Mw


Definition: The mass in grams of one mole of molecules of a compound.


Units: g/mole


Chemical Default Value (g/mole)


Hg , Hg 2010 2+


Methylmercury 216


Methyl mercuric chloride 251


Mercuric chloride 272


A.2.1.2 Henry's Law Constant


Parameter: H


Definition: Provides a measure of the extent of chemical partitioning between air and water at
equilibrium.


Units: atm-m /mole3


Chemical Default Value (atm-m /mole)3


Hg 7.1x100 -3


Hg  (HgCl ) 7.1x102+
2


-10


Methylmercury 4.7x10-7


Technical Basis:


The higher the Henry's Law Constant, the more likely a chemical is to volatilize than to remain in
the water.  The value for Hg  is from Iverfeldt and Persson (1985), while the other values are from0


Lindquist and Rodhe (1985).
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Estimated National and Regional Populations of
Women of Child-Bearing Age:  United States, 1990


Because methylmercury is a developmental toxin, the subpopulation judged of particular concern
in this Mercury Study:  Report to Congress was women of child-bearing age.  Estimates of the size of the
population of women of reproductive age, number of live births, number of fetal deaths, and number of
legal abortions can be used to predict the percent of the population and number of women of
reproductive age who are pregnant in a given year.  This methodology has been previously used in the
Agency for Toxic Substances and Disease Registry's (ATSDR's) Report to Congress on The Nature and
Extent of Lead Poisoning in Children in the United States (Mushak and Crocetti, 1990).


The estimates of number of women of child-bearing age calculated for this Mercury Study: 
Report to Congress were prepared by Dr. A.M. Crocetti under purchase order from the EPA Office of
Air Quality, Planning and Standards (OAQPS).  The techniques used by Dr. Crocetti parallel those used
to prepared the 1984 estimates for ATSDR.  To estimate the size of this population on a national basis
Vital and Health Statistics data for number of live births (National Center for Health Statistics of the
United States, 1990; Volume I, Natality, Table 1-60, pages 134-140), and fetal deaths (National Center
for Health Statistics of the United States, 1990; Volume II, Mortality; Table 3-10, pages 16, 18, and 20). 
Fetal wastage, that is, spontaneous abortions prior to 20 weeks of gestation were not considered since no
systematically collected, nationally based data exist.


The estimate of number of women of child-bearing age includes some proportion of women who
will never experience pregnancy.  However, substitution of the number of pregnancies in a given year
provides some measure of assessing the size of the surrogate population at risk.  Estimates of the size of
the population were based on "Estimates of Resident Population of the United States Regions and
Divisions by Age and Sex" (Byerly, 1993).  The Census data for 1990 were grouped by age and gender.
The sizes of these populations are shown in Table B-1.


Women ages 15 through 44 are the age group of greatest interest in identifying a subpopulation
of concern for the effects of a developmental toxin such as methylmercury.  This population consisted of
58,222,000 women living within the contiguous United States.  This population was chosen rather than
for the total United States (population 58,620,000 women ages 15 through 44 years) because the dietary
survey information from CSFII 89-91 did not include Hawaii and Alaska.  Based on estimates of fish
consumption data for Alaska by Nobmann et al. (1992) the quantities of fish eaten by Alaskans exceeds
those of the contiguous U.S. population.  It is also estimated that residents of the Hawaiian Islands also
have fish consumption patterns that differ from those of the contiguous United States.


The number of pregnancies per year was estimated by combining the number of live births,
number of fetal deaths (past 20 weeks of gestation) and the number of legal abortions.  The legal
abortion data were based on information published by Koonin et al. (1993) in Morbidity and Mortality
Weekly Report.  These totals are presented in Table B-2.  As noted in this table, the total of legal
abortions includes those with unknown age which were not included in the body of each table entry. 
There were 2,929 such cases for the United States in 1990 or 0.2% of all legal abortions.  Another
complication in the legal abortion data was for the age group 45 and older.  The available data provide
abortion data for 40 years and older only.  To estimate the size of the population older than 45 years, the
number of legal abortions for women age 40 years and older were allocated by using the proportions of
Live Births and Fetal Deaths for the two age groups 40-44 and 45 and older.
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It was estimated that within the contiguous United States 9.5% of women ages 15 to 44 years
were pregnant in a given year.  The total number of live births reported in 1990 for this age group was
4,112,579 with 30,974 reported fetal deaths and 1,407,830 reported legal abortions.  The estimated
number of total pregnancies for women ages 15 to 44 years was 5,551,383 in a population of 58,222,000
women.
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Table B-1


Resident Population of the United States and Divisions, April 1, 1990
Census by Gender and Age; in Thousands, including Armed Forces Residing in Region


Resident Population of the United States and Divisions, April 1, 1990 Census by Gender and
Age; in Thousands, including Armed Forces Residing in Region.


Division/ Total  < 15 Years 15-44 Years > 44 Years
Gender   of Age   of Age   of Age


United States   248,710    53,853   117,610   77,248


Male   121,239    27,570    58,989   34,680


Female   127,471    26,284    58,620   42,567


% Female    51.3     48.8     49.8     55.1


Resident Population of the United States and Divisions, April 1, 1990 Census by Gender and
Age; in Thousands, including Armed Forces Residing in Region.


Division/ Total  < 15 Years 15-44 Years > 44 Years
Gender   of Age   of Age   of Age


Contiguous
United States


  247,052    53,462    116,772   76,817


Male   120,385    27,369     58,548   34,467


Female   126,667    26,094     58,222   42,348


% Female    51.3     48.8      49.9     55.1


Resident Population of the United States and Divisions, April 1, 1990 Census by Gender and
Age; in Thousands, including Armed Forces Residing in Region.


Division/ Total  < 15 Years 15-44 Years > 44 Years
Gender   of Age   of Age   of Age


New England    13,207     2,590    6,379     4,239


Male     6,380     1,327    3,174    1,878


Female     6,827     1,264    3,202    2,361


% Female      51.7      48.8     50.2     55.7
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Table B-1 (continued)


Resident Population of the United States and Divisions, April 1, 1990 Census by Gender and
Age; in Thousands, including Armed Forces Residing in Region.


Division/ Total  < 15 Years 15-44 Years > 45 Years
Gender   of Age   of Age   of Age


Middle
Atlantic
States


   37,602     7,471    17,495    12,638


Male    18,056     3,824     8,676     5,554


Female    19,547     3,645     8,818     7,083


% Female      52       49      50       56


Resident Population of the United States and Divisions, April 1, 1990 Census by Gender and
Age; in Thousands, including Armed Forces Residing in Region.


Division/ Total  < 15 Years 15-44 Years > 44 Years
Gender   of Age   of Age   of Age


E North Central    42,009     9,233    19,596   13,180


Male    20,373     4,728     9,744    5,899


Female    21,636     4,505     9,851    7,279


% Female     51.5      48.8     50.3     55.2


Resident Population of the United States and Divisions, April 1, 1990 Census by Gender and
Age; in Thousands, including Armed Forces Residing in Region.


Division/ Total  < 15 Years 15-44 Years > 44 Years
Gender   of Age   of Age   of Age


West North
Central


   17,660     3,967    8,017    5,676


Male     8,599     2,032    4,020    2,546


Female     9,061     1,935    3,997    3,129


% Female      51.3     48.8     49.9     55.1
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Table B-1 (continued)


Resident Population of the United States and Divisions, April 1, 1990 Census by Gender and
Age; in Thousands, including Armed Forces Residing in Region.


Division/ Total  < 15 Years 15-44 Years > 44 Years
Gender   of Age   of Age   of Age


South
Atlantic


  43,567    8,864   20,579   14,122


Male   21,129    4,531   10,279    6,321


Female   22,438    4,333   10,301    7,804


% Female     51.5     48.9    50.1    55.3


Resident Population of the United States and Divisions, April 1, 1990 Census by Gender and
Age; in Thousands, including Armed Forces Residing in Region.


Division/ Total  < 15 Years 15-44 Years > 44 Years
Gender   of Age   of Age   of Age


East South
Central


  15,176    3,316   7,037   4,823


Male    7,301    1,698   3,472   2,132


Female    7,875    1,618   3,565   2,692


% Female     51.9     48.8    50.7    55.8


Resident Population of the United States and Divisions, April 1, 1990 Census by Gender and
Age; in Thousands, including Armed Forces Residing in Region.


Division/ Total  < 15 Years 15-44 Years > 44 Years
Gender   of Age   of Age   of Age


West South
Central


  26,703    6,366  12,687   7,651


Male   13,061    3,256   6,359   3,445


Female   13,641    3,110   6,328   4,204


% Female     51.1    48.9    49.9    54.9
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Table B-1 (continued)


Resident Population of the United States and Divisions, April 1, 1990 Census by Gender and
Age; in Thousands, including Armed Forces Residing in Region.


Division/ Total  < 15 Years 15-44 Years > 44 Years
Gender   of Age   of Age   of Age


Mountain
States


  13,659    3,313    6,435   3,910


Male   6,779    1,696    3,259   1,825


Female   6,880    1,616    3,176   2,087


% Female     50.4     48.8    49.4    53.4


Resident Population of the United States and Divisions, April 1, 1990 Census by Gender and
Age; in Thousands, including Armed Forces Residing in Region.


Division/ Total  < 15 Years 15-44 Years > 44 Years
Gender   of Age   of Age   of Age


West North
Central


  17,660    3,967    8,017    5,676


Male    8,599    2,032    4,020    2,546


Female    9,061    1,935    3,997    3,129


% Female     51.3     48.8     49.9     55.1


Resident Population of the United States and Divisions, April 1, 1990 Census by Gender and
Age; in Thousands, including Armed Forces Residing in Region.


Division/ Total  < 15 Years 15-44 Years > 44 Years
Gender   of Age   of Age   of Age


Pacific (5 States
including Alaska
and Hawaii)


  39,127    8,734   19,394   11,011


Male   19,562    4,476   10,004    5,083


Female   19,565    4,258    9,379    5,929


% Female    50.0     48.8     48.4     53.8
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Table B-1 (continued)


Resident Population of the United States and Divisions, April 1, 1990 Census by Gender and
Age; in Thousands, including Armed Forces Residing in Region.


Division/ Total  < 15 Years 15-44 Years > 44 Years
Gender   of Age   of Age   of Age


Pacific
(Washington,
Oregon and
California only)


  37,469    8,343    18,546   10,580


Male   18,708   4,275     9,563    4,870


Female   18,761   4,068     8,981    5,710


% Female    50.1    48.8      48.4     54.0
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Table B-2
Pregnancies by Outcome for Resident Females by Divisions and States,


U.S. 1990, by Age


Pregnancies by Outcome for Resident Females by Divisions and States, U.S. 1990, by Age*


United Total** < 15 Years 15-44 Years > 44
States Years***


Females 127,471,000  26,284,000  58,620,000 42,567,000


Live births   4,158,212       11,657   4,144,917      1,638


Fetal Deaths      31,386         174      31,176         36


Legal Abortions   1,429,577       11,819   1,413,992        837


Total
Pregnancies


  5,619,175       23,650   5,590,085      2,511


% Pregnant    -     9.5     -


Pregnancies by Outcome for Resident Females by Divisions and States, U.S. 1990, by Age*


Contiguous Total** < 15 Years 15-44 Years > 44 Years
United
States Females 126,667,000 26,094,000 58,222,000 42,348,000


Live births   4,125,821     11,615  4,112,579      1,627


Fetal Deaths      31,183       173    30,974         36


Legal Abortions   1,423,340     11,765  1,407,830       833


Total
Pregnancies


  5,580,344     23,553  5,551,383     2,496


% Pregnant    -       -    9.5     -


Pregnancies by Outcome for Resident Females by Divisions and States, U.S. 1990, by Age*


New Total** < 15 Years 15-44 Years >44 Years
England


Females 6,827,000 1,264,000 3,202,000 2,361,000


Live births   201,173       270   200,827        76


Fetal Deaths     1,226         4     1,220         2


Legal Abortions    78,347       487    77,358        37


Total
Pregnancies


  280,746       761   279,405       115


% Pregnant     -       -     8.7       -
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Table B-2 (continued)


Pregnancies by Outcome for Resident Females by Divisions and States, U.S. 1990, by Age*


Middle Total** < 15 Years 15-44 Years > 44 Years
Atlantic


Females 19,547,000   3,645,000   8,818,000 7,083,000


Live births    591,826       1,305     590,238       283


Fetal Deaths      5,653          25       5,622         6


Legal Abortions    252,599       1,912     250,484       157


Total
Pregnancies


   850,078       3,242     846,344       446


% Pregnant      9.6


Pregnancies by Outcome for Resident Females by Divisions and States, U.S. 1990, by Age*


East Total** < 15 Years 15-44 Years > 44 Years
North
Central Females  21,636,000   4,505,000   9,851,000 7,279,000


Live births     675,512       1,838     673,449      225


Fetal Deaths       4,555          14       4,537        4


Legal Abortions     166,897       1,056     165,434      109


Total
Pregnancies


    846,964       2,908     843,420      338


% Pregnant       8.6


Pregnancies by Outcome for Resident Females by Divisions and States, U.S. 1990, by Age*


West Total** < 15 Years 15-44 Years > 44 Years
North
Central Females 9,061,000 1,935,000  3,997,000 3,129,000


Live births   270,331       457    269,792        82


Fetal Deaths     1,741         6      1,733         2


Legal Abortions    57,219       398     56,562        30


Total
Pregnancies


  329,291       861    328,087       114


% Pregnant     -      8.2       -
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Table B-2 (continued)


Pregnancies by Outcome for Resident Females by Divisions and States, U.S. 1990, by Age*


South Total** < 15 Years 15-44 Years > 44 Years
Atlantic


Females 22,438,000 4,333,000 10,301,000 7,804,000


Live births    700,285     2,644    697,424      217


Fetal Deaths     6,453        57      6,389        7


Legal Abortions   238,538     2,242    235,536      123


Total
Pregnancies


   945,276     4,943    939,349      347


% Pregnant      -      9.1    -


Pregnancies by Outcome for Resident Females by Divisions and States, U.S. 1990, by Age*


East Total** < 15 Years 15-44 Years > 44 Years
South 
Central Females 7,875,000 1,618,000    3,565,000 2,692,000


Live births 236,374     1,143      235,195        36


Fetal Deaths   2,954        25        2,027         2


Legal Abortions  53,919       662      53,030        19


Total
Pregnancies


292,347    1,830     290,252        57


% Pregnant      -      8.1      -


Pregnancies by Outcome for Resident Females by Divisions and States, U.S. 1990, by Age*


West Total** < 15 Years 15-44 Years  > 44 Years
South
Central Females 13,641,000   3,110,000   6,328,000 4,204,000


Live births    472,721       1,852     470,715       154


Fetal Deaths      3,258          21       3,234         3


Legal Abortions   122,261         781     121,100        90


Total
Pregnancies


  598,240       2,654     595,049       247


% Pregnant     -      9.4      -
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Table B-2 (continued)


Pregnancies by Outcome for Resident Females by Divisions and States, U.S. 1990, by Age*


Mountain Total** < 15 Years 15-44 Years > 44 Years


Females 6,880,000   1,616,000   3,176,000 2,087,000


Live births   242,829         500     242,235        94


Fetal Deaths     1,492          6       1,483         3


Legal Abortions    50,880        288      50,330        31


Total
Pregnancies


  295,201        794    294,048      128


% Pregnant       -     9.3      -


Pregnancies by Outcome for Resident Females by Divisions and States, U.S. 1990, by Age*


Pacific Total** < 15 Years 15-44 Years > 44 Years
(5 states
including
Alaska and
Hawaii)


Females 19,565,000   4,258,000 9,379,000 5,929,000


Live births 767.161       1,648    765,042       471


Fetal Deaths   4,954          16       4,931         7


Legal Abortions 408,917     3,993     404,158       241


Total
Pregnancies


1,181,032    5,657   1,174,131       719


% Pregnant     -     12.5      -


Pregnancies by Outcome for Resident Females by Divisions and States, U.S. 1990, by Age*


Pacific Total** < 15 Years 15-44 Years > 44 Years
(Washington,
Oregon, and
California)


Females  18,761,000   4,068,000  8,981,000 5,710,000


Live births     734,770       1,606    732,704       460


Fetal Deaths       4,751          15      4,729         7


Legal
Abortions


    402,680       3,939    397,996       237


Total
Pregnancies


  1,142,201       5,560   1,135,429       704


% Pregnant      -         -     12.6      -
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APPENDIX C
ANALYSIS OF MERCURY LEVELS IN FISH AND SHELLFISH


REPORTED IN NATIONAL MARINE FISHERIES SERVICE
SURVEY OF TRACE ELEMENTS IN THE FISHERY RESERVE
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C.1 Introduction


Some reviewers of data on the levels of mercury in fish and shellfish have expressed concern
about the methods used to handle “nondetects” by the investigators who originally reported the data on
the concentrations of mercury in fish and shellfish tissues.  Specifically, these reviewers have expressed
concern about the potential impact that different methods of handling nondetects may have on the
reported mean concentrations of mercury.   The purpose of this memo is to report the results of a data
analysis performed on the nondetects in the mercury data reported in the report National Marine
Fisheries Service Survey of Trace Elements in the Fishery Reserve, hereinafter referenced as the NMFS
Report.


The major conclusion of this analysis is that different methods of handling nondetects have
negligible impact on the reported mean concentrations.  This conclusion follows from two findings from
the data analysis, set forth below.  First, when mean mercury levels are relatively “large”, there are few,
if any, nondetects, so the methodology employed to handle nondetects is irrelevant.  Second, when mean
mercury levels are small, there are relatively large numbers of nondetects.  However, the differences
between different methods of handling nondetects result in small differences in the resultant mean
values.


The NMFS Report reports number of samples, number of nondetects, and mean, standard
deviation, minimum and maximum mercury level in ppm for 1,333 combinations of fish/shellfish species,
variety, location caught, and tissue.  Of these, 777 correspond to fish/shellfish species for which we have
mercury concentration data.  These 777 combinations form the basis for the analyses reported in this
memorandum.  They represent 5,707 analyses of fish and shellfish tissues for mercury, of which 1,467, or
26 percent, are reported as nondetects.  Because the mercury concentration data is used in our analyses at
the species level, not at the more detailed species/variety/location/tissue level, we have aggregated, or
pooled, the 777 combinations to 35 different species for the purposes of this analysis.


In the following sections, we first discuss various methods of handling nondetects in calculating
mean mercury concentrations, then the analysis method adopted, and finally the results of that analysis.


C.2 Methods for Handling the Detection Limits


There are five methods commonly used to handle values below the detection limits in calculating
the mean mercury levels.


1. All nondetects are treated as being equal to 0. The total number of samples for which
mercury was measured is used in the mean calculation and it is assumed that the
concentration of mercury is 0.000 whenever the chemical analysis was reported as
“not detected”.  This approach may lead to an underestimation of the true mean.


2. All nondetects are excluded from the calculation of the mean. The mean is calculated
as if these samples were not selected. The number of nondetects is subtracted from
the total number of samples for which mercury was measured, and the resulting
number is used to calculate the mean. This method may overestimate the true mean
and always yields a mean estimate greater than that obtained by method 1 (see
formulae in Addendum A).
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3. All nondetects are replaced with a fixed value, usually one-half of the detection limit.
This method is the most widely used and accepted of the five methods.  It is difficult
to know whether this method will lead to an underestimation or to an overestimation
of the true mean. But it will always lead to an estimate that falls between the
estimates obtained from method 1 and method 2.


4. All nondetects are replaced with simulated mercury levels randomly selected in the
interval (0, detection limit) according to an appropriate statistical distribution. This
method is close in spirit to method 3 and, like method 3, will lead to an estimate
falling between estimates obtained from method 1 and method 2.


5. All nondetects are replaced with the detection limit. This method may overestimate
the mean as all nondetects are smaller or equal to the detection limit. The mean
calculated by method 5 will also be between the means obtained from method 1 and
method 2.


The NMFS Report says that method 2 -- nondetects dropped from the calculation -- was used to
calculate their reported mean mercury levels.  However, an examination of their data indicates that the
investigators did not always use method 2.  It appears that other methods, including method 1 --
nondetects set equal to zero -- may have sometimes been used.


C.3 Method of Analysis


The approach adopted amounts to comparing means obtained by two different methods. Since we
do not have access to the raw data, it was necessary to first assume that the reported mean mercury levels
were calculated by one of the five methods mentioned above. Then we calculated the mean that would
have been obtained if another method had been used.


Although it is possible to consider all ten possible combinations of two methods that can be
obtained from the five under analysis, we have confined ourselves to the case where the other methods
are compared with method 3, the latter being the most commonly used in such situations. The following
three scenarios are studied:


� The reported means are assumed to have been calculated by method 1. The
corresponding mean mercury levels that would have been obtained by method 3 were
then calculated.  The two sets of corresponding means are then compared.  The
calculation method is reported in Addendum A.


� The above analysis was repeated for method 2 and method 3.


� The above analysis was repeated for method 5 and method 3.  It should be noted that
if the reported mean is 0 and is assumed to be obtained by method 5 then method 3
might yield a negative value. In that case the mean was set to 0.000.
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It is unlikely that method 4 was used to calculate the reported means since this would likely have
appeared in the NMFS report.  Therefore method 4 is ruled out of this analysis.  To be able to calculate
the mean mercury level by method 3, a value for the limit of detection is needed.  We have been told that
the limit of detection was 0.100 ppm.  However, the data reported in the NMFS Report have numerous
reported positive values less than 0.100 ppm.  We therefore used the lowest of all detected analytical
values as the presumed limit of detection.  This value is 0.010 ppm.


Addendum B lists and graphs the mean mercury levels in ppm by fish and shellfish species, as
reported by NMFS, then as calculated according to the methodology described above.  That is, the mean
mercury level that would be obtained by method 3, assuming NMFS used method 1 is presented,
followed by the other two comparisons listed above.  Then the mean differences between pairs of
methods are presented.


C.4 Data Analysis Results


The calculations comparing method 1 -- nondetects dropped -- and method 3 -- nondetects set to
one-half the detection limit, viz., 0.005 -- are reported in Figure C-1a and C-1b.  The straight line in
Figure C-1a is the line y = x; points on the line correspond to mean values that are the same for both
methods. All points are on the line y = x, or nearly on it; the two methods yield identical results for most
species. This result follows from the fact that when mean mercury levels are relatively large, very few
nondetects were reported (see Figure C-4a).


In order to have a better assessment of the magnitude of the differences between method 1 and
method 3, we plotted the differences between the two methods versus method 1 in Figure C-1b.  The
differences between methods 1 and 3 are never as high as 0.004 ppm.  Further, they never exceed 0.001
ppm when the mean is above 0.200 ppm.
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The results comparing methods 2 and 3 are in Figures C-2a and C-2b.  They lead  to the same
conclusions as the comparison of methods 1 and 3.  The differences between methods 2 and 3 never
exceed 0.030 ppm in magnitude.  Because the differences between methods 2 and 3 are an order of
magnitude greater than the other two comparisons, it was decided to investigate the larger differences
between these methods to see if there were any significant patterns.


The results comparing methods 5 and 3 are in Figures C-3a and C-3b.  They lead  to the same
conclusions as the two previous comparisons. The differences between methods 5 and 3 never exceed
0.003 ppm in magnitude.  They never exceed 0.001 ppm when the mean mercury level is above 0.200
ppm.


These results follow from the fact that the number of  nondetects is especially high when the
reported mean is very small. When that mean is larger, there are very few nondetects, so that all methods
yield virtually the same results. This phenomenon is well illustrated in Figures C-4a and C-4b, which
present the number and percentage of nondetects against the mean mercury levels, respectively.



















C-9


ADDENDUM A


This addendum provides the formulae used to calculate the mean Mercury levels according


to the four methods used in the analysis.


Let N0 be the total number of samples for which the fish was measured, Nd the total


number of samples in which no Mercury was detected and d0 the limit of detection. Suppose that


xi stands for the Mercury level (ppm) detected in the i thsample and that X X X1 2 3, ,  and X5  are the


mean Mercury levels calculated by methods 1,2,3 and 5 respectively. Then we have that,
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Let X3/1, X3 2/  and X3 5/  be the means calculated by method 3 under the assumption that


the reported data are calculated by method 1, 2 and 5 respectively. These conditional means are obtained


as follows:
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ADDENDUM B


Mercury Levels by Species


NMFS Data:
Table and Graphs


Comparisons of Different Methods of Handling Nondetects:
Table and Graphs
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Table C-1


Records in NMFS Report for which the difference between Method 3 and Method 2 is greater than
0.010 (sorted according to the magnitude of the difference, DIFF)


SPECIES VARIETY LOCATION TISSUE NO. N. DET MEAN DIFF
Herring Pacific Pacific NWest whole 20 19 .260 -0.242


Sole Petrale Pacific NWest muscle 11 6 .347 -0.187


Tuna Bigeye Hawaii liver 2 1 .250 -0.123


Squid Atl. Longfinned N. Atlantic mantle, skinless 6 5 .130 -0.104


Cod Atlantic N. Atlantic liver 2 1 .210 -0.103


Crab Tanner (Bairdi) Alaska meat 10 5 .208 -0.102


Squid Atl. Longfinned N. Atlantic mantle, skinless 7 5 .140 -0.096


Shrimp Alaska (Sidestriped) Alaska tail, peeled 7 4 .168 -0.093


Cod Atlantic N. Atlantic liver 6 5 .110 -0.088


Shrimp Ocean Pacific NWest tail, peeled 10 6 .136 -0.079


Cod Atlantic N. Atlantic liver 4 2 .158 -0.077


Clam Butter Pacific NWest shucked, large 10 8 .100 -0.076


Mullet Striped Hawaii muscle 18 16 .090 -0.076


Salmon Coho (Silver) Alaska muscle 10 7 .110 -0.074


Crab Tanner (Bairdi) Alaska meat 10 5 .152 -0.074


Mullet Striped South Atlantic muscle 19 15 .098 -0.073


Oyster Pacific (Giant) California shucked 10 8 .090 -0.068


Scallop Calico S. Atlantic abductor muscle 10 8 .090 -0.068


Clam Hard N. Atlantic shucked, cherrysto 10 5 .141 -0.068


Squid Shortfinned N. Atlantic mantle, skinless 4 2 .135 -0.065


Shrimp Brown Gulf tail, peeled 10 8 .085 -0.064


Oyster Pacific (Giant) California shucked 20 12 .111 -0.064


Squid Atl. Longfinned N. Atlantic mantle, skinless 20 13 .100 -0.062


Squid Shortfinned N. Atlantic mantle, skinless 2 1 .120 -0.058


Tuna Yellowfin Hawaii liver 2 1 .120 -0.058


Clam Razor Alaska shucked 11 8 .083 -0.057


Croaker Atlantic Gulf muscle 9 6 .090 -0.057


Pollock Walleye (Alaska) Alaska muscle 28 12 .135 -0.056


Squid Shortfinned N. Atlantic mantle, skinless 11 6 .105 -0.055


Shrimp Pink Gulf tail, peeled 20 10 .114 -0.055


Salmon Coho (Silver) Pacific NWest liver 2 1 .110 -0.053


Mackerel Jack California headed 4 3 .070 -0.049


Trout (Sea) Silver (White) Gulf muscle 10 5 .100 -0.048


Clam Soft N. Atlantic shucked 19 11 .086 -0.047


Flounder Fourspot N. Atlantic muscle 3 1 .145 -0.047


Mullet Striped Gulf muscle 12 10 .060 -0.046


Shrimp White Gulf tail, peeled 10 8 .060 -0.044


Squid Shortfinned N. Atlantic mantle, skinless 5 4 .060 -0.044


Cod Atlantic N. Atlantic muscle 16 6 .121 -0.044


Pollock N. Atlantic liver 3 2 .070 -0.043


Flounder Winter North Atlantic muscle 10 4 .113 -0.043
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Mackerel King Gulf ROE 9 2 .199 -0.043


Flounder Witch N. Atlantic muscle 2 1 .090 -0.043


Tuna Skipjack Pacific liver 2 1 .090 -0.043


Herring Atlantic North Atlantic whole 12 11 .050 -0.041


Scallop Calico S. Atlantic shucked 10 6 .073 -0.041


Squid Shortfinned N. Atlantic mantle, skinless 10 6 .073 -0.041


Mullet Striped South Atlantic muscle 10 9 .050 -0.041


Shrimp Pink (Northern) Alaska tail, peeled 10 9 .050 -0.041


Flounder Winter North Atlantic muscle 2 1 .085 -0.040


Squid Pacific California whole 29 19 .064 -0.039


Oyster Eastern S. Atlantic shucked 10 3 .133 -0.038


Flounder Winter North Atlantic muscle 5 2 .100 -0.038


Salmon Sockeye (Red) Pacific NWest muscle 12 7 .068 -0.037


Abalone Red California shucked 10 5 .078 -0.037


Oyster Eastern N. Atlantic shucked, std. 10 7 .057 -0.036


Crab Tanner (Bairdi) Alaska meat 10 3 .126 -0.036


Herring Round North Atlantic H & G tailless 10 6 .065 -0.036


Flounder Southern S. Atlantic muscle 10 4 .095 -0.036


Pollock N. Atlantic liver 7 5 .055 -0.036


Squid Atl. Longfinned N. Atlantic mantle, skinless 7 3 .088 -0.036


Scallop Calico S. Atlantic abductor muscle 10 5 .076 -0.036


Flounder Summer (Fluke) S. Atlantic muscle 20 6 .119 -0.034


Trout (Sea) Sand Gulf muscle 5 3 .060 -0.033


Crab Rock N. Atlantic meat 5 1 .169 -0.033


Mullet Striped Gulf muscle 15 14 .040 -0.033


Flounder Winter North Atlantic muscle 4 2 .070 -0.033


Scup North Atlantic muscle 2 1 .070 -0.033


Salmon Chum (Keta) Alaska muscle 10 4 .086 -0.032


Shrimp Pink (Northern) Alaska tail, peeled 9 5 .063 -0.032


Mullet Striped South Atlantic muscle 4 1 .133 -0.032


Squid Shortfinned N. Atlantic mantle, skinless 14 8 .060 -0.031


Clam Surf N. Atlantic shucked, whole 19 9 .070 -0.031


Pollock Walleye (Alaska) Alaska liver 3 2 .050 -0.030


Anchovy Northern California whole 10 4 .080 -0.030


Scallop Sea (smooth) N. Atlantic abductor muscle 10 7 .047 -0.029


Squid Atl. Longfinned N. Atlantic mantle, skinless 10 4 .078 -0.029


Herring Atlantic North Atlantic headed 6 5 .040 -0.029


Herring Atlantic North Atlantic whole 29 14 .065 -0.029


Shrimp Brown Gulf tail, peeled 10 4 .077 -0.029


Salmon Chinock (King) Pacific NWest liver 5 1 .149 -0.029


Snapper Red (EMU) Hawaii muscle 18 1 .522 -0.029


Flounder Witch N. Atlantic muscle 16 3 .156 -0.028


Flounder Yellowtail North Atlantic muscle 10 3 .099 -0.028


Mackerel Atlantic North Atlantic muscle 8 5 .050 -0.028


Oyster Eastern N. Atlantic shucked, select 10 8 .040 -0.028


Shrimp White Gulf tail, peeled 10 8 .040 -0.028


Mullet Striped Hawaii muscle 9 6 .047 -0.028
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Shrimp Pink Gulf tail, peeled 9 2 .130 -0.028


Pollock N. Atlantic liver 14 8 .053 -0.027


Shrimp Pink (Northern) N. Atlantic tail, peeled 11 7 .048 -0.027


Shark Blue North Atlantic liver 9 2 .127 -0.027


Scup North Atlantic muscle 6 2 .086 -0.027


Flounder Winter North Atlantic muscle 10 4 .072 -0.027


Flounder Yellowtail North Atlantic muscle 3 2 .045 -0.027


Salmon Chinock (King) Alaska muscle 10 8 .038 -0.026


Mackerel Spanish South Atlantic muscle 20 3 .181 -0.026


Squid Atl. Longfinned N. Atlantic mantle, skinless 4 3 .040 -0.026


Squid Shortfinned N. Atlantic mantle, skinless 4 3 .040 -0.026


Flounder Gulf Gulf muscle 19 5 .101 -0.025


Trout (Sea) Gray (Weakfish) N. Atlantic whole 10 4 .068 -0.025


Octopus Marmuratus Hawaii mantle, skinless 36 17 .058 -0.025


Flounder Fourspot N. Atlantic muscle 4 2 .055 -0.025


Herring Atlantic North Atlantic whole 3 1 .080 -0.025


Croaker Atlantic N. Atlantic muscle 5 1 .130 -0.025


Perch Ocean (Pacific) Pacific NWest muscle 10 7 .040 -0.025


Shrimp Alaska (Sidestriped) Alaska tail, peeled 10 7 .040 -0.025


Oyster Pacific (Giant) Pacific NWest shucked, medium 9 4 .060 -0.024


Flounder Winter North Atlantic muscle 7 4 .047 -0.024


Flounder Witch N. Atlantic muscle 5 2 .065 -0.024


Flounder Winter North Atlantic muscle 15 9 .045 -0.024


Salmon Chum (Keta) Alaska muscle 9 4 .059 -0.024


Sole Dover Pacific NWest muscle 10 3 .085 -0.024


Flounder Winter North Atlantic muscle 6 1 .147 -0.024


Bass striped N. Atlantic muscle 16 8 .052 -0.024


Cod Atlantic N. Atlantic liver 3 2 .040 -0.023


Halibut Pacific Pacific NWest liver 3 2 .040 -0.023


Mackerel Atlantic North Atlantic muscle 11 4 .069 -0.023


Squid Atl. Longfinned N. Atlantic mantle, skinless 13 7 .048 -0.023


Mullet Striped South Atlantic muscle 2 1 .050 -0.023


Herring Atlantic North Atlantic muscle 10 9 .030 -0.023


Mullet Silver (white) South Atlantic muscle 24 18 .035 -0.023


Oyster Pacific (Giant) Pacific NWest shucked, small 10 5 .050 -0.023


Shrimp Pink Gulf tail, peeled 9 8 .030 -0.022


Herring Round North Atlantic H & G tailless 27 21 .033 -0.022


Bass striped Pacific NWest muscle 40 1 .858 -0.021


Flounder Witch N. Atlantic muscle 15 3 .111 -0.021


Mullet Striped Gulf muscle 20 11 .043 -0.021


Cod Atlantic N. Atlantic liver 5 2 .057 -0.021


Flounder Witch N. Atlantic muscle 4 1 .088 -0.021


Clam Razor Pacific NWest shucked 10 5 .046 -0.021


Flounder Winter North Atlantic muscle 21 6 .076 -0.020


Herring Atlantic North Atlantic muscle 12 8 .035 -0.020


Scup North Atlantic muscle 5 1 .105 -0.020


Sole Petrale Pacific NWest muscle 2 1 .045 -0.020
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Shark Blacktip South Atlantic liver 3 1 .065 -0.020


Squid Pacific California whole 10 6 .038 -0.020


Squid Atl. Longfinned N. Atlantic mantle, skinless 17 7 .053 -0.020


Mackerel Atlantic North Atlantic muscle 36 17 .046 -0.019


Oyster Eastern N. Atlantic shucked 20 9 .048 -0.019


Trout Rainbow/Steelhead Pacific NWest muscle 6 2 .063 -0.019


Trout (Sea) Silver (White) Gulf muscle 10 3 .069 -0.019


Shrimp Brown Gulf tail, peeled 17 3 .113 -0.019


Scup North Atlantic muscle 6 3 .043 -0.019


Croaker Atlantic S. Atlantic muscle 12 4 .061 -0.019


Clam Razor Pacific NWest shucked 10 5 .042 -0.019


Shrimp White S. Atlantic tail, peeled 10 2 .096 -0.018


Shrimp Pink (Northern) N. Atlantic tail, peeled 10 4 .050 -0.018


Salmon Chum (Keta) Pacific NWest muscle 7 5 .030 -0.018


Squid Atl. Longfinned N. Atlantic whole 23 9 .050 -0.018


Flounder Witch N. Atlantic muscle 10 2 .093 -0.018


Scallop Atlantic Bay S. Atlantic abductor muscle 10 6 .034 -0.017


Flounder Fourspot N. Atlantic muscle 6 1 .109 -0.017


Anchovy Northern California whole 10 4 .048 -0.017


Scallop Atlantic Bay S. Atlantic abductor muscle 10 2 .091 -0.017


Halibut Pacific Pacific NWest muscle 10 3 .062 -0.017


Salmon Sockeye (Red) Alaska muscle 19 9 .041 -0.017


Croaker Atlantic N. Atlantic muscle 10 6 .033 -0.017


Cod Pacific (Gray) Alaska liver 5 2 .047 -0.017


Trout (Sea) Silver (White) Gulf muscle 13 2 .114 -0.017


Shrimp Pink (Northern) N. Atlantic tail, peeled 3 1 .055 -0.017


Anchovy Northern California whole 10 8 .025 -0.016


Crab Blue N. Atlantic claw & body meat 10 5 .037 -0.016


Mackerel Atlantic North Atlantic muscle 7 4 .033 -0.016


Squid Shortfinned N. Atlantic mantle, skinless 20 5 .069 -0.016


Flounder Southern Gulf muscle 4 1 .067 -0.016


Flounder Fourspot N. Atlantic muscle 19 3 .103 -0.015


Flounder Winter North Atlantic muscle 12 4 .051 -0.015


Bass striped California muscle 28 1 .432 -0.015


Salmon Pink Alaska muscle 9 4 .039 -0.015


Clam Razor Alaska shucked 8 4 .035 -0.015


Croaker Atlantic Gulf muscle 2 1 .035 -0.015


Halibut Pacific Pacific NWest liver 8 6 .025 -0.015


Clam Hard N. Atlantic shucked, mixed 20 5 .065 -0.015


Oyster Eastern Gulf shucked 11 5 .038 -0.015


Squid Shortfinned N. Atlantic mantle, skinless 5 3 .030 -0.015


Tuna Yellowfin Hawaii muscle 10 3 .054 -0.015


Flounder Fourspot N. Atlantic muscle 6 1 .093 -0.015


Shrimp Pink Gulf tail, peeled 10 5 .034 -0.015


Clam Hard N. Atlantic shucked, littleneck 16 7 .038 -0.014


Abalone Green California shucked 10 6 .029 -0.014


Herring Round North Atlantic H & G tailless 7 5 .025 -0.014
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Shrimp Pink (Northern) N. Atlantic tail, peeled 9 4 .037 -0.014


Herring Atlantic North Atlantic whole 17 16 .020 -0.014


Shrimp White Gulf tail, peeled 17 3 .085 -0.014


Shrimp Brown Gulf tail, peeled 13 7 .031 -0.014


Clam Hard N. Atlantic shucked, cherrysto 30 13 .037 -0.014


Mullet Striped Hawaii muscle 13 12 .020 -0.014


Oyster Eastern Gulf shucked 20 12 .028 -0.014


Oyster Pacific (Giant) Pacific NWest shucked, medium 10 6 .028 -0.014


Scup North Atlantic muscle 11 10 .020 -0.014


Oyster Eastern N. Atlantic shucked, select 16 9 .029 -0.014


Anchovy Northern California whole 10 9 .020 -0.014


Croaker Atlantic Gulf muscle 10 9 .020 -0.014


Salmon Sockeye (Red) Alaska muscle 10 9 .020 -0.014


Oyster Pacific (Giant) Pacific NWest shucked 10 4 .038 -0.013


Clam Hard N. Atlantic shucked, chowder 49 14 .050 -0.013


Croaker Atlantic S. Atlantic muscle 2 1 .030 -0.013


Haddock N. Atlantic liver 2 1 .030 -0.013


Oyster Eastern S.Atlantic shucked 10 5 .030 -0.013


Perch Ocean (Pacific) Pacific NWest liver 8 4 .030 -0.013


Snapper Vermilion South Atlantic muscle 2 1 .030 -0.013


Lobster Atlantic Spiny Gulf tail meat 12 3 .055 -0.013


Tuna Skipjack Pacific muscle 20 3 .088 -0.012


Clam Butter Pacific NWest shucked, ex. large 9 4 .033 -0.012


Salmon Chinock (King) Alaska muscle 9 3 .042 -0.012


Flounder Windowpane N. Atlantic muscle 7 1 .090 -0.012


Salmon Chinock (King) Alaska muscle 10 8 .020 -0.012


Scallop Pink Alaska abductor muscle 5 4 .020 -0.012


Scup North Atlantic muscle 5 3 .025 -0.012


Squid Shortfinned N. Atlantic mantle, skinless 5 4 .020 -0.012


Haddock N. Atlantic muscle 5 1 .065 -0.012


Squid Shortfinned N. Atlantic mantle, skinless 9 1 .112 -0.012


Shrimp Brown Gulf tail, peeled 3 1 .040 -0.012


Flounder Witch N. Atlantic muscle 15 2 .092 -0.012


Salmon Coho (Silver) Pacific NWest muscle 10 5 .028 -0.012


Flounder Fourspot N. Atlantic muscle 18 2 .108 -0.011


Clam Butter Pacific NWest shucked 4 3 .020 -0.011


Shrimp Pink (Northern) N. Atlantic tail, peeled 4 1 .050 -0.011


Salmon Sockeye (Red) Alaska muscle 10 4 .033 -0.011


Perch Ocean (Redfish) North Atlantic muscle 14 1 .161 -0.011


Haddock N. Atlantic muscle 9 1 .105 -0.011


Crab King Alaska meat 9 3 .038 -0.011


Salmon Pink Alaska muscle 10 6 .023 -0.011
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D.1 Introduction


This Appendix presents an analysis of the third National Health and Nutrition Examination
Survey (NHANES III) data on frequency of fish and shellfish consumption over an one-month interval, 
24-hour recall data for consumption of fish and shellfish, body weight (in kilograms) and mean mercury
concentrations in fish and shellfish.  These data were utilized to estimate national exposure distributions
for ingestion of mercury from fish and shellfish for a time period defined as one month or 30 days. 
Mathematical distributions were fit to data addressing the number and size of fish meals and associated
mercury ingestion for several ethnic and racial groups within the general U.S. population.  Analyses for
higher-frequency fish consumers, women of child-bearing age and children were also performed.


D.2 Methods and Assumptions


All variables in this analysis were assumed to be lognormally distributed and  independent. 
Parameters of the lognormal distributions are expressed as the geometric mean (GM) and the geometric
standard deviation (GSD). The geometric mean (and median) is defined as e , where µ is the mean of theµ


logarithms of the observations.  The geometric standard deviation is defined as e , where � is the�


standard deviation of the logarithms of the observations.  


The data available for estimation of distribution parameters were in the form of cumulative
distribution percentiles and moments (arithmetic mean and standard deviation).  The primary approach to
fitting lognormal distributions to the data was by the method of moments, in which the sample mean and
sample standard deviation, themselves, are used as estimates of the parameters.  For the lognormal, the
parameters are determined in log space (mean and standard deviation of the logs of the observations).  In
this analysis, the GM and GSD were estimated from the arithmetic mean and standard deviation using
analytic formulas relating the arithmetic and geometric moments (Evans et al., 1993).  In some cases the
arithmetic moments did not provide reasonable estimates of the geometric moments.  In these cases
parameter estimation focused on the range between the 50th (median) and 95th percentiles.  µ was
assumed to be the log of the median.  � was estimated as the average of the difference of the logs of the
75th, 90th and 95th percentiles and µ, divided by the corresponding z-score from the standard unit
normal distribution.  Distributions derived by the percentile method should be considered to be less
reliable than by the method of moments.  The fit of the distributions to the data in this range was assessed
by graphical analysis and percentile matching.  


D.3 Population Exposure Equations


Daily mercury ingestion from fish consumption is given as Equation 1.


(1)


where 


Hg is daily ingestion of total mercury (µg/kgbw-day),DAILY


Hg is the ingestion of total mercury per fish meal (µg/kgbw-meal),MEAL


Nmeals is the number of fish meals per month (month ) and -1


30 is the number of days per month (days/month).
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Daily fish consumption is given as Equation 2.


(2)


where 


FC is daily per capita fish consumption (g/day),DAILY


Fish is fish consumption per fish meal (g/meal),MEAL


Nmeals is the number of fish meals per month (month ) and -1


30 is the number of days per month (days/month).


Equations 1 and 2 are solved using analytic methods for multiplying lognormal distributions (Aitchison
and Brown, 1966; see also Appendix D to Volume 3 of  this Report).


D.4 Input Distributions


This section presents the development of each of the input distributions for Equations 1 and 2. 
The basis for each distribution is given.  Moments and percentiles for all empirical distributions were
based on population weighted frequencies.  That is, the sample observation frequencies were projected to
the national population weighted by sex and age frequencies in the national population (NHANES III). 


D.4.1 Mercury Ingestion per Fish Meal (Hg )MEAL


Hg  distributions were based on 24-hour fish (and shellfish) consumption recall data forMEAL


consumers, only (per user), reported in NHANES III and average mercury concentrations reported for
each fish species consumed.  Consumption-mass-weighted mercury concentrations for individual species
were summed across all species consumed by each survey respondent (consumers only) and divided by
the respondent's body weight.  Simplifying assumption were made that all the mercury was
methylmercury (MeHg) and was ingested in a single meal.  Empirical Hg  distributions wereMEAL


constructed for six subpopulations:  the Caucasian (nonHispanic) general population ("White"), the
African-American (nonHispanic) general population ("Black"), the Mexican-American general
population ("Hispanic"), a more frequent fish-consuming population that included Asians, Pacific
Islanders, Native Americans and Caribbean Islanders ("Other"), 15 to 44 year-old females across all
groups ("Women") and 3 to 6 year-old children across all groups ("Children").  Women of this age group
were selected as the MeHg Reference Dose (RfD) based primarily on effects in offspring of women
exposed to MeHg during pregnancy.  This particular age group of children was selected because of its
much higher mercury exposure rate than other child age groups.  The Hg  empirical distributions andMEAL


lognormal approximations for each of these subpopulations are given in Table D-1.  
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Table D-1
Hg  Distributions for Selected PopulationsMEAL


(µg/kgbw-meal)


Population


Distribution: White Black Hispanic Other Women Children


Empirical


n 1392    1278    914    265    882    415    


mean 0.19 0.23 0.22 0.23 0.17 0.40


std. dev. 43.05 19.69 11.42 50.00 0.28 0.56


50th percentile 0.12* 0.15 0.15 0.12 0.10 0.28


75th percentile 0.26 0.32 0.31 0.32 0.22 0.49


90th percentile 0.50 0.57 0.58 0.61 0.39 0.77


95th percentile 0.73 0.77 0.77 0.97 0.53 1.08


Lognormal 


method percentiles percentiles percentiles percentiles moments moments


GM 0.12 0.15 0.15 0.12 0.09 0.23a


GSD 3.01 2.82 2.91 3.77 3.14 2.83b


75th percentile 0.25 0.31 0.30 0.30 0.19 0.47


90th percentile 0.50 0.57 0.58 0.66 0.38 0.88


95th percentile 0.74 0.83 0.85 1.07 0.58 1.29


mean 0.22 0.26 0.26 0.29 - -


std. dev. 0.34 0.36 0.38 0.64 - -


 Geometric Mean (and 50th percentile)a


 Geometric Standard Deviationb


        *Rounded to 2 significant figures.


D.4.2 Fish Consumption per Fish Meal (Fish)MEAL


Fish  distributions were based on 24-hour fish (and shellfish) consumption recall data forMEAL


consumers, only (per user), reported in NHANES III.  A simplifying assumption was made that all the
fish was consumed in a single meal.  Fish  distributions were constructed for the same fiveMEAL


subpopulations as for Hg .  The Fish  empirical distributions and lognormal approximations forMEAL MEAL


each of these subpopulations are given in Table D-2.  
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Table D-2
Fish  Distributions for Selected PopulationsMEAL


(g/meal)


Population


Distribution: White Black Hispanic Other Women Children


Empirical


n 1394    1282    920    266    883    415    


mean 109 128 108 106 103 57


std. dev. 16752 8004 4856 15277 116 55


50th percentile 65.5* 77.5 64.7 67.5 66.0 43.3


75th percentile 126 151 129 122 131 66.2


90th percentile 222 263 222 234 228 113


95th percentile 291 356 318 297 288 151


Lognormal


method percentiles percentiles percentiles percentiles moments moments


Gm 65.5 77.5 64.7 67.5 68.6 40.7a


GSD 2.57 2.60 2.67 2.50 2.47 2.26b


75th percentile 124 148 125 125 126 70.6


90th percentile 220 264 228 219 219 116


95th percentile 310 373 326 305 304 156


mean 102 122 105 103 - -


std. dev. 123 150 134 119 - -


 Geometric Mean (and 50th percentile)a


 Geometric Standard Deviationb


        * Rounded to 3 significant figures.


D.4.3 Number of  Fish Meals per Month (Nmeals)


Nmeals distributions were based on monthly fish (and shellfish) consumption frequency data for
all respondents (per capita) reported in NHANES III.  The frequency of fish meals consumed per month
was treated as a continuous variable for estimation of long-term fish consumption rates.  Values at the
reference percentiles (50th, 75th, 90th and 95th) were estimated by linear interpolation from cumulative
discrete frequency distributions.  As these data are from the general population (not just fish consumers),
a significant fraction of respondents reported eating no fish in the last month (11-14%).  Nmeals
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distributions were constructed for the same subpopulations as for Hg  and Fish  except forMEAL MEAL


"Women" and "Children," for which data were not available.  An Nmeals distribution for the general
population across all other groups ("All") was used as a surrogate for "Women" and "Children."  Nmeals
empirical distributions and lognormal approximations for each of these subpopulations are given in Table
D-3.  


Table D-3
Nmeals Distributions for Selected Populations


(month )-1


Population


Distribution White Black Hispanic Other All


Empirical


n 7410    5594    5394    785    19,200    


mean 5.6 6.5 4.7 8.3 5.8


std. dev. 6.2 8.2 5.8 2.6 6.9


50th percentile 3.4* 3.8 2.9 4.1 3.5


75th percentile 7.2 8.0 5.8 9.9 7.4


90th percentile 12 13 11 22 12


95th percentile 16 18 14 31 17


99th percentile 30 31 28 43 30


maximum 150 220 150 61 220


Lognormal


method moments moments moments moments moments


GM 3.7 4.0 3.0 5.3 3.8a


GSD 2.5 2.7 2.6 2.6 2.5b


75th percentile 6.8 7.8 5.7 10 7.1


90th percentile 12 14 10 18 12


95th percentile 16 20 14 25 18


99th percentile 30 39 28 19 33


 Geometric Mean (and 50th percentile)a


 Geometric Standard Deviationb


         * Rounded to 2 significant figures.
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D.5 Simulation Output 


The results of the solution of Equation 1 (Hg ) are given for adults and children in TablesDAILY


D-4 and D-5, respectively.  The percentile at which the MeHg RfD falls in the Hg   output is givenDAILY


for adults (Table D-4).  Direct comparison to the RfD is most appropriate for women of child-bearing
age, as the MeHg RfD is based, primarily, on effects in the offspring of exposures to their mothers during
pregnancy (see Volume V of this report; also U. S. EPA, 1997).  That is, although the effects were
observed in children, the exposure (and it's associated metric) was to the mother.  The RfD is designed to
be protective of all sensitive subpopulations.  In this case (MeHg), the developing fetus was judged to be
the most sensitive population.  An uncertainty factor was included in the RfD to account for the lack of
data on post-natal development, among other factors.  


The results of the solution of Equation 2 (FC ) are given for adults and children in TablesDAILY


D-6 and D-7, respectively.  The percentile at which fish ingestion exceeds 100 g/day in the Fish  DAILY


output is also shown.  


Table D-4
Hg  Distributions for Selected Populations:  AdultsDAILY


(µg/kgbw-day)


Population


Percentile White Black Hispanic Other Womena b c d e


50th 0.015 0.020 0.015 0.021 0.011


75th 0.039 0.053 0.047 0.064 0.030


90th 0.092 0.13 0.11 0.17 0.074


95th 0.15 0.21 0.18 0.31 0.13


RfD Percentile 91.0 86.8 91.0 82.7 93.2


GM = 0.0149, GSD = 4.145a 


GM = 0.0204, GSD = 4.153b 


GM = 0.0145, GSD = 4.216c 


GM = 0.0214, GSD = 5.123d 


GM = 0.0111, GSD = 4.382d 
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Table D-5
Hg  Distributions for Selected Populations:  ChildrenDAILY


(µg/kgbw-day)


Ethnicity


Percentile All White Black Hispanic Other
Groupsa


b c d e


50th 0.029 0.029 0.031 0.023 0.041


75th 0.075 0.072 0.082 0.060 0.11


90th 0.18 0.17 0.19 0.14 0.25


95th 0.29 0.28 0.33 0.24 0.42


GM = 0.0292, GSD = 4.050a 


GM = 0.0286, GSD = 3.961b 


GM = 0.0311, GSD = 4.173c 


GM = 0.0230, GSD = 4.130d 


GM = 0.0411, GSD = 4.102e 


Nmeals distributions from general population for each group (not child-specific)


Hg  distribution from 3-6 year-old children across ethnicities (not group-specific)MEAL


Table D-6
FC  Distributions for Selected Populations:  AdultsDAILY


(g/day)


Population


Percentile White Black Hispanic Other Womena b c c d


50th 8.1 10 6.4 12 8.6


75th 19 26 16 29 21


90th 43 60 37 65 46


95th 69 99 62 105 73


100 g percentile 97.3 95.1 97.7 94.6 97.0


GM = 8.08, GSD = 3.685a 


GM = 10.4, GSD = 3.925b 


GM = 6.43, GSD = 3.957c 


GM = 11.9, GSD = 3.751c 


GM = 8.63, GSD = 3.668d 
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Table D-7
FC  Distributions for Selected Populations:  ChildrenDAILY


(g/day)


Ethnicity


Percentile All White Black Hispanic Other
Groupsa


b c d e


50th 5.1 5.0 5.5 4.0 7.2


75th 12 11 13 9.5 17


90th 25 24 28 20 36


95th 39 37 44 32 57


100 g percentile >99 >99 99 >99 98


GM = 5.12, GSD = 3.456a 


GM = 5.01, GSD = 3.370b 


GM = 5.46, GSD = 3.573c 


GM = 4.04, GSD = 3.532d 


GM = 7.18, GSD = 3.506e 


Nmeals distributions from general population for each group (not child-specific)


Fish  distribution from 3-6 year-old children across ethnicities (not group-specific)MEAL


D.6 Sensitivity Analysis


D.6.1 Adequacy of  Input Distribution Fit


A general trend for fitting input distributions by the percentile method was for higher estimates
of � at lower percentiles but with fairly good agreement in the targeted range (75th to 95th percentiles);
coefficients of variation for � estimates for a given data set were in the range of 0.03 to 0.1. 
Distributions fit by this method were not particularly good approximations of the data outside these
percentile ranges. The impact of overestimating the lower end of the input distributions on the output of
Equations 1 and 2 is discussed in the next section.


Quantile-quantile plots (QQ plots) are shown for each of the distributions in Figures D-1, D-2
and D-3, which show the Hg , Fish , and Nmeals distributions, respectively.  These figures plotMEAL MEAL


the z-scores of the logs of the observations against the z-scores for the corresponding fitted lognormal
distribution (normal in log space).  The z-scores are the number of standard deviations above or below
the median.  A z-score of 2 corresponds to about the 95  percentile (z= -2 � 5  percentile).  The 99  andth th th


99.9  percentiles correspond to  z-scores of 2.33 and 3.1, respectively.  As these plots compare the logsth


of the distributions, zeroes in the raw data are not included.  Zeroes were included, however, in the fitting
process for those variables fit by the method of moments.  For those distributions fit by the percentile
method, the data points (50 , 75 , 90  and 95  percentiles) used in the fitting process are indicated byth th th th


filled symbols on the Figures.  
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The solid straight lines on the QQ plots represent perfect fits.  That is, a perfect fit would result
in all the points lining up along the line. The direction of deviations from the line can be used to assess
the direction of the prediction error.  If the points curve below the line at either end, the fitted distribution
will under predict actual values at that end.  Conversely, if the points curve above the line, the fitted
distribution will over predict.  The tendency to over predict the lower tail can be seen for all of the
variables.  This tendency is quite marked for a number of variables, particularly for the ones fitted by the
percentile method.  The upper tails of the empirical distributions are all fairly well represented by the
fitted distributions, even for extreme values.  Nmeals/Other is an exception, but the poor fit is well
beyond the 99th percentile; the data points above the 99th percentile are single observations.  The effect
of over prediction in the lower tail on the analytic solutions of Equations 1 and 2 will be to greatly
exaggerate the lower percentiles.  There will also be a tendency to over predict the upper percentiles, but
probably not by a large amount.  Deviations from the fit line at z-scores of less than -3 should have no
effect on the output.  In general, the magnitude of the over prediction is difficult to assess from the QQ
plots, but will be considerably less than that resulting from over prediction in the upper tails of the input
distributions.  The best predictions should be for both outputs for "Women" and "Children," given the
better combined fit for Hg , Fish , and Nmeals for these two groups.MEAL MEAL
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Figure D-1
Quantile-Quantile Plots for Hg  DistributionsMEAL
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Figure D-2
Quantile-Quantile Plots for Fish  DistributionsMEAL
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Figure D-3
Quantile-Quantile Plots for Nmeals Distributions
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D.6.2 Impact of Assumptions on Simulation Output


The assumption that the 24-hour recall data represent one fish meal is obviously false for all
respondents who reported more than 30 fish meals per month.  The assumption will result in
overestimation of both Hg  and FC  at higher percentiles.  The 30 fish meal per month mark fallsDAILY DAILY


at the 99th percentile or higher for all groups except “Other,” for which the 95th percentile is 31.4 fish
meals per month.  The bias in Hg  and FC  for groups other than “Other” should not beDAILY DAILY


significant at the 95th percentile and lower, but this assumption was not tested.  The results for “Other”
above the 90th percentile should be considered to be conservative.


Correlation of input variables was not considered in this analysis.  Data for “Women” suggest
that there is a slight positive correlation between Nmeals and the other two variables, with a more
noticeable difference in Fish  for those respondents reporting zero or one fish meal in the last month. MEAL


That is, those individuals who had a low frequency of fish consumption also tended to eat less fish per
meal (70 g/meal vs 108 g/meal for respondents reporting two or more fish meals per month).  The result
of this correlation would be an over prediction of FC .  The magnitude of the over prediction couldDAILY


not be estimated without the specific body weight of the individuals, but was judged to be small.  The
correlation of Nmeals and Hg  was very weak and was not expected to have any impact on the output. MEAL


The effect of correlations on simulation output is generally smaller than that arising from the form of the
assigned distribution (Bukowski et al., 1995).  


The impact of the simplifying lognormal assumptions on the output of Equations 1 and 2 was
investigated by defining the input distributions as mixtures (mixtures approach) and then solving the
equations by Monte Carlo analysis.  That is, separate distributions were fit to discrete segments of  the
empirical data rather than assuming a single mathematical form for the entire distribution.  For several
data sets where the number of zeroes was high, the proportion of zeroes was modeled as a delta function
(spike), with a lognormal distribution fit to the nonzero data (delta method).  For one data set with no
zeroes, a log-triangular distribution was fit to the proportion of the data set that did not appear to be
lognormal (the lower 25%) and a lognormal was fit to the remainder (two-distribution method).  In each
case, a composite mixtures distribution was constructed by Monte Carlo simulation.  


Figure D-4 shows the QQ-plots for the mixtures distribution fits to selected variables.  Two of
the worst-fitting Hg  data sets (Hispanic and Other) were selected for this part of the analysis.  TheMEAL


corresponding Nmeals data sets were also analyzed so that output distributions (Equation 1) could be
generated.  Hg /Hispanic, was fit by the two-distribution method and the rest by the delta method. MEAL


Distribution quantiles, in natural log units, are shown in these plots instead of z-scores, as the fitted
distributions are not entirely lognormal.  Otherwise, the visual fit of the distributions can be compared
directly with the corresponding QQ-plots in Figures D-1 and D-3.  The mixtures approach provided a
better overall fit for Hg , particularly at the lower end, the lower three points for Hg /HispanicMEAL MEAL


being an exception.  These data points, however, represent less than 1% of the distribution and would
have no effect on the output.  Upper percentile estimates for the mixtures approach are similar to those
estimated by the simple lognormal assumptions.  The Nmeals distributions estimated by the mixtures
approach showed only slightly better fit (or none at all) in the lower percentiles at the expense of a
slightly poorer fit at the upper extreme.  Fits to Nmeals/White and Nmeals/All were similar to
Nmeals/Hispanic.  Overall, the mixtures approach did not improve the fit to Nmeals.  
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Figure D-4
Quantile-Quantile Plots for Mixtures-Distribution Fits


Results of the Monte Carlo simulations of Equation 1 using the mixtures distributions are given
in Table D-8.  The output was simulated with mixtures distributions for both inputs (Hg  and Nmeals)MEAL


and for Hg , only, as the mixtures approach did not provide a better fit for Nmeals.  The results inMEAL


Table D-8 show little effect from the simple lognormal assumption for the inputs in this limited
comparison.  Further analysis using the full data sets and other parametric fitting or nonparametric
methods would be useful for resolving the remaining distribution fit issues. 
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Table D-8
Comparison of Hg  Output for Alternate FitsDAILY


(µg/kgbw-day)


Group Hispanic Other


method of simple Hg both simple Hg both
distribution lognormal mixture mixtures lognormal mixture mixtures


fit


a
MEAL


b c a
MEAL


b c


Percentiles


50th 0.015* 0.014 0.019 0.021 0.021 0.020


75th 0.038 0.038 0.047 0.064 0.066 0.071


90th 0.092 0.086 0.11 0.17 0.18 0.20


95th 0.15 0.14 0.18 0.31 0.33 0.36


99th 0.41 0.40 0.45 0.96 0.98 1.1


from Table D-4a 


mixture for Hg , only;  lognormal Nmeals from Table D-3b 
MEAL


mixtures for both inputsc 


      * Rounded to 2 significant figures.


D.6.2 Other Sources of Uncertainty


Sources of uncertainty or bias that have not been considered in this analysis include fish mercury
concentrations, mercury speciation in fish and shellfish, and population weights.  The mercury
concentrations in the fish and shellfish were average concentrations for the identified fish species.  Data
were available on the distribution of mercury in each species but were not considered for this analysis. 
These data would provide bounds on the percentile values estimated in this analysis but would not
change the median estimates for each percentile.  The mercury in all “fish” species was assumed to be
methylmercury, which is a fairly sound assumption for finfish (Bloom, 1992), but somewhat less so for
shellfish and other species.  The impact of this assumption on the simulation output was not investigated
but was assumed to be small.  The uncertainty in the population weighting protocol in NHANES III was
not investigated either.  


D.7 Conclusions


The derived distributions are thought to be more characteristic of month-long patterns of fish and
shellfish consumption than are either of the two individual distributions that formed the input variables. 
The resulting derived distribution was done to maximize fit between the 75th and 95th percentiles. 
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FIFRA Federal Insecticide, Fungicide, Rodenticide Act
FWS U.S. Fish and Wildlife Service
GACT Generally available control technology
GLFCATF Great Lakes Fish Consumption Advisory Task Force
GLNPO Great Lakes National Program Office
g Gram
gr Grains
HAPs Hazardous air pollutants
HCl Hydrochloric acid
Hg Mercury
HgCl Mercuric chloride
HgI Mercuric iodide
HgO Mercuric oxide
HgS Mercuric sulfide
HgSe Mercuric selenite
HMTA Hazardous Materials Transportation Act
HVAC Heating, ventilating and air conditioning
IDLH Immediately dangerous to life and health
INGAA Interstate Natural Gas Association Of America
kg Kilogram
kW Kilowatt
M29 U.S. EPA Draft Multi-Metals Method or Method 29
MACT Maximum achievable control technology
MB Mass burn
MCL Maximum contaminant level
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MESA Mercury Speciation Adsorption sampling train
Mg Megagram or Metric ton (2000 pounds)
MSW Municipal solid waste
MW Megawatt
MWCs Municipal waste combustors
MWIs Medical waste incinerators
NAAQS National Ambient Air Quality Standards
NaCl Sodium chloride
NaOH Sodium hydroxide
ng Nanogram
NIOSH National Institute for Occupational Safety and Health
Nm Normal cubic meter3


NOAA National Oceanic and Atmospheric Administration
NPDES National Pollutant Discharge Elimination System
NSP Northern States Power
NSPS New source performance standard
OAQPS Office of Air Quality Planning and Standards (U.S. EPA)
OECD Organization for Economic Co-operation and Development
O&M Operation and maintenance
OSHA Occupational Safety and Health Administration
PCBs Polychlorinated biphenyls
PELs Permissible exposure limits
PM Particulate matter
ppm parts per million
ppmv parts per million by volume
RQ Reportable quantity
SARA Superfund Amendments and Reauthorization Act
scf Standard cubic feet
scm Standard cubic meter
SD Spray dryer
SDAs Spray dryer absorbers
SO Sulfur dioxide2


SO Sulfur trioxide3


TCC Total capital cost
TCLP Toxicity characteristic leaching procedure
TMT Trimercapto-s-triazine
tpd Tons per day
TRI Toxic Release Inventory
µg Microgram
UNDEERC University of North Dakota Energy and Environmental Research Center
U.S.DOE FETC United States Department of Energy Federal Energy Technology Center
WS Wet scrubber
WW Waterwall
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EXECUTIVE SUMMARY


Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, requires the U.S.
Environmental Protection Agency (U.S. EPA) to submit a study on atmospheric mercury emissions to
Congress.  The sources of emissions that must be studied include electric utility steam generating units,
municipal waste combustion units and other sources, including area sources.  Congress directed that the
Mercury Study evaluate many aspects of mercury emissions, including the rate and mass of emissions,
health and environmental effects, technologies to control such emissions and the costs of such controls.


In response to this mandate, U.S. EPA has prepared an eight-volume Mercury Study Report to
Congress.  This Report -- Volume VIII of the Mercury Study Report to Congress -- provides information
on mercury control technologies, associated costs and regulatory issues.  It describes and analyzes
additional technologies that could bring about reductions of mercury emissions, and existing state and
federal programs that control the use and release of mercury.  This Report also describes management
alternatives and U.S. EPA's statutory authority to control mercury emissions under section 112 of the
CAA.


Control Technologies and Associated Costs and Impacts


This Report focuses on mercury control technologies, costs and financial impact estimates for
four industries:  municipal waste combustors (MWCs), medical waste incinerators (MWIs), utility
boilers and chlor-alkali plants.  These source categories were chosen for control technology and cost
analyses on the basis of either their source category emissions in the aggregate or their potential to be
significant point sources of emissions.  Consideration was also given to whether a particular source
category was a feasible candidate for application of control technology (e.g., fluorescent lamp breakage
would not be considered an appropriate mercury emission source category for a technology-based
standard under section 112 of the Clean Air Act).  Although this narrowed the analyses to a certain group
of source categories, it was believed that this approach would give an overall sense of potential
technologies and costs for the selected source categories.


Control technology performance and cost information was obtained from the literature and
pollution control technology vendors to develop cost effectiveness values for the various mercury
controls applied to model plants for each industry.  The estimated cost effectiveness values represent
generalized costs and are not intended to be site-specific.  Table ES-1 summarizes the results of the cost
analysis for MWCs, MWIs, and chlor-alkali plants; results of the cost analysis for utility boilers are
presented in Table ES-2.  For each of the four emission sources, the applicable mercury controls and the
estimated level of control and cost effectiveness are presented in units of dollars per pound of mercury
removed and other measures (e.g., dollars per pound of medical waste incinerated for MWIs).


The financial impact of mercury controls was determined for each of the model plants
representing the four industries examined.  Affordability was based on financial ratios that were
determined on the basis of whether an industry could pass the cost of mercury control on to consumers. 
For industries that can potentially pass control costs onto consumers (MWCs, MWIs and utility boilers),
affordability was determined based on the ratio of total annual control costs to revenues.  This ratio
defines the potential increase in service price arising from the mercury control costs.  For the chlor-alkali
industry,  which has little control over the price it is able to receive for its products and thus cannot pass
mercury control costs on to consumers, financial impact was determined based on both the ratio of
annual control cost to profits and the ratio of annual capital costs to total annual expenditures.  These
ratios define the financial impact of installing and operating the mercury controls. 
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Table ES-1
Cost Effectiveness of Control Technologies


Source Mercury Control Technique Cost Comments$/lb Hg Removed Other Measures


Cost Effectiveness


MWCs Material separation 1,450 $0.37/ton MSW Costs are very community specific;  Results shown
(batteries) are based on one community's program


Production substitution -- -- The potential for product substitutions requires that
(e.g., batteries, fluorescent the specific circumstances of each situation be
lights) examined; general cost estimates are not possible


Activated carbon injection 211-870 $0.7-3.5/ton MSW Costs assume an 85% reduction; range of costs cover
the two model plants


Carbon filter beds 513-1,083 $5.44-9.39/ton MSW Range of costs cover the two model plants


Polishing wet scrubber 1,600-3,320 $5.3-13.5/ton MSW Costs assume an 85 percent reduction; range of costs
cover the two model plants


MWIs Material separation -- -- Costs vary on a site-specific basis; no costs were
(batteries) available; cost effectiveness for a hospital program


would be assumed to be better than for a community
program


Good combustion, wet -- -- For cost-effectiveness estimates for individual
scrubber or dry scrubber facilites, the reader should consult
with carbon injection


Switching with waste
segregation


Switching without waste
segregation


Hospital/Medical/Infectious Waste Incinerators:
Background Information for Promulgated Standards
and Guidelines - Regulatory Impact Analysis for New
and Existing Facilities (EPA-453/R-97-009b).  







Table ES-1
Cost Effectiveness of Control Technologies (continued)


Source Mercury Control Technique Cost Comments$/lb Hg Removed Other Measures


Cost Effectiveness


ES-3


Chlor-Alkali Plants Process modification 4,590 $39.6/ton chlorine Cost effectiveness calculated using capital and
Using Mercury Cell produced electrical costs only
Process


Depleted brine scrubbing 1,040 $6.7/ton chlorine Cost data were scaled from 1972 dollars
produced


Treated activated carbon 769 $5.1/ton chlorine Cost data were scaled from 1972 dollars
adsorption produced
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Table ES-2
Cost Effectiveness of Control Technologies for Utility Boilers


Model
Model Definition Sensitivity Analysis for Models


Size Fuel Existing Mercury Control Source Carbon UsageCost Effect. Cost Effect.
(MW) Controls (g C/g Hg) (mils/kWh) ($/lb Hg)


a


1a 975 Low-sulfur Coal ESP AC injection EPA 34,200 1.82 22,100


DOE 100,000 5.58 67,700


1b 975 Low-sulfur Coal ESP Spray cooler, AC injection, fabric filter EPA 460 1.43 17,400


DOE 9,400 2.10 25,400


1c 975 Low-sulfur Coal ESP Spray cooler, AC injection EPA 460 0.40 4,940


DOE 30,000 2.19 26,500


1d 975 Low-sulfur Coal ESP Carbon filter bed EPA -- 2.70 32,700b


DOE -- NA NAc


2 975 High-sulfur Coal ESP/FGD Carbon filter bed EPA -- 3.1 37,800


DOE -- NA NA


3a 100 Low-sulfur Coal ESP AC injection EPA 17,200 1.16 14,200


DOE 100,000 5.71 70,000


3b 100 Low-sulfur Coal ESP Spray cooler, AC injection, fabric filter EPA 460 2.09 27,700


DOE 12,600 3.15 38,600


 The lower carbon injection rates represent low-temperature flue gas while the higher rates are for high-temperature operations.  Both the low and the high carbon injection ratesa


would achieve a 90 percent reduction in mercury emissions under the given temperature scenario.
 The mercury control is a stationary bed that does not require carbon injection.b


 NA = Not available.c
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The estimated financial impact of mercury controls for MWCs and MWIs is examined in Table
ES-3.  Estimated financial impacts to the chlor-alkali industry are summarized in Table ES-4.  For utility
boilers, potential cost increases were calculated for a total of seven control technology-model plant
combinations.  The results of the financial analysis for utility boilers are summarized in Table ES-5.


Table ES-3
Potential Cost Increases  for MWCs and  MWIs a


Control Option Combustors Medical Waste Incinerators
Municipal Waste


  Activated Carbon
   Injection


Small :  6.9%b


Large :  1.3%c


Hospitals, nursing homes,
research laboratories:
 
Switching with waste 0.01 - 0.04%
segregation


Switching with no waste
segregation


0.02 - 0.09%


Commercial Incineration 2.6 %


Potential cost increase = total annual operating cost divided by total annual revenue.  Represents the potential cost increase ina


service or product to cover the cost of controls.
Capacity = 180 Mg/day.b


Capacity = 2,045 Mg/day.c


Existing Federal and State Control Programs


Several federal agencies have authority and responsibility for controlling mercury uses, releases
and exposures.  For example, U.S. EPA has addressed for many years and continues to address the risks
posed by mercury through regulations designed to limit releases to air, water and land.  These regulations
have been promulgated under the authority of the Safe Drinking Water Act, the Clean Water Act, the
Clean Air Act, the Resource Conservation and Recovery Act and the Comprehensive Environmental
Response, Compensation, and Liability Act.  Other federal agencies that have mercury-related standards
include the Food and Drug Administration (which regulates mercury in cosmetics, food and dental
products), the Occupational Safety and Health Administration (which regulates mercury exposures in the
workplace) and the Department of Transportation (which limits the potential for mercury releases during
transportation).  In general, existing federal standards can be categorized as environmental media
standards, environmental source controls, or product controls.
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Table ES-4
Estimated Annual Profits, Expenditures, Revenues and Financial Impactsa


for Chlor-Alkali Plants


Parameter Chlor-Alkali Plants


Total Annual Profits $12.9
  (millions of dollars)


Total Annual Expenditures $26.7
  (millions of dollars)


Financial Impact


   Membrane Cell Process 12% of Expenditures


   Depleted Brine 5.1% of Profits
    Scrubbing 0.7% of Expenditures


   Treated Activated 3.9% of Profits
    Carbon Adsorption 0.5% of Expenditures


a Financial impact = total annual control costs divided by profits and annual capital costs divided by total expenditures.
b N/A = control technology is not applicable.
Note:  The percentage of annual profits represents the amount of profit that would be needed to absorb the control costs.  The
percentage of annual expenditures provides a measure of the industry's ability to acquire the capital needed for the controls while
still remaining competitive.


Mercury control regulations are increasing rapidly at the state level.  Many states are developing
new regulations that will control the release of mercury from different environmental sources. 
Minnesota, for example, has drafted  management standards for facilities that recycle mercury-
containing waste and has proposed new combustion rules.  States also have developed new monitoring
and reporting requirements on mercury release from air and water point sources.  In addition to health-
based concerns, states are focusing on waste disposal problems associated with mercury-containing
products.  Many states have regulations that ban or limit the amount of mercury in products, establish
recycling requirements and impose disposal restrictions on products containing mercury.  For example,
certain types of batteries containing mercury are banned in a number of states and at least 12 states have
enacted laws that limit the amount of mercury in alkaline batteries to 0.025 percent by weight.
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Table ES-5
Annual Revenues and Potential Cost Increases for Utility Boilers


Model


Model Definition Sensitivity Analysis for Models


Size Existing Carbon Estimated Annual Potential Cost
(MW) Fuel Controls Mercury Control Source  Usage Revenue  Cost Increasesa


(g C/g Hg) ($ Million)  (10 $/yr) %6


1a 975 Low-sulfur Coal ESP AC injection EPA 34,200 287 10.1 3.5


DOE 100,000 287 31.0 10.8


1b 975 Low-sulfur Coal ESP Spray cooler, AC EPA 460 287 7.94 2.8
injection, fabric filter


DOE 9,400 287 11.6 4.0


1c 975 Low-sulfur Coal ESP Spray cooler, AC EPA 460 287 2.26 0.8
injection


DOE 30,000 287 12.1 4.2


1d 975 Low-sulfur Coal ESP Carbon filter bed EPA -- 287 14.9 5.2b


DOE -- 287 NA NAc


2 975 High-sulfur Coal ESP/FGD Carbon filter bed EPA -- 287 17.3 6.0


DOE -- 287 NA NA


3a 100 Low-sulfur Coal ESP AC injection EPA 17,200 29 0.66 2.3


DOE 100,000 29 3.25 11.2


3b 100 Low-sulfur Coal ESP Spray cooler, AC EPA 460 29 1.29 4.4
injection, fabric filter


DOE 12,600 29 1.79 6.2


 The lower carbon injection rates represent low-temperature flue gas while the higher rates are for high-temperature operations.  Both the low and the high carbon injection ratesa


would achieve a 90 percent reduction in mercury emissions under the given temperature scenario.


 The mercury control is a stationary bed that does not require carbon injection.b


 NA = Not Available.c
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Management Alternatives


Effective control of mercury emissions may require a mix of strategies.  The four major types of
control techniques reviewed include:


� Pollution prevention measures, including product substitution, process modification and
materials separation;


� Coal cleaning;


� Alternative approaches; and


� Flue gas treatment technologies. 


Pollution prevention may be suitable for those processes or industries where a mercury substitute
is demonstrated and available (e.g., mercury cell chlor-alkali plants).  Another pollution prevention
measure is material separation, which would be an appropriate approach for processes where
mercury-containing products are disposed of by incineration, or where mercury can be reduced in the
fuel prior to the fuel being combusted (e.g., medical waste incineration).  Conventional regulatory
strategies may be applicable when mercury is emitted to the environment as a result of trace
contamination in fossil fuel or other essential feedstock in an industrial process.  Other non-traditional
approaches such as emissions trading or application of a use tax, or other market-based approaches may
also prove feasible for mercury control.  In addition, emissions control is only one possible means for
risk control; reduced human exposure, for example through the use of fish advisories, is another
alternative that would need to be explored when selecting among strategies for reducing risks to human
health (though not to ecosystems). 


Cost-effective opportunities to deal with mercury during the product life-cycle, rather than just at
the point of disposal, need to be pursued.  A balanced strategy which integrates end-of-pipe control
technologies with material substitution and separation, design-for-environment, and fundamental process
change approaches is needed.  In addition, international efforts to reduce mercury emissions as well as
greenhouse gases will play an important role in reducing inputs to the global reservoir of mercury.


Because of the current, limited scientific understanding of the environmental fate and transport
of this element, it is not possible to quantify the contribution of U.S. anthropogenic emissions relative to
other sources of mercury, including natural sources and re-emissions from the global pool, on
methylmercury levels in seafood and freshwater fish consumed by the U.S. population.  Mercury
methylation and subsequent uptake in fish is complex and not well understood.  As a result, it cannot be
assumed that a change in total mercury emissions will be linearly related to any resulting change in
methylmercury in fish, nor over what time period these changes would occur.  This is an area of ongoing
study.


The analyses of control technologies and costs presented in this Report are not intended to
replace a thorough regulatory analysis, as would be performed for a rulemaking.  The information
presented is intended to present the range of available options and provide a relative sense of the extent
of mercury reductions achievable and the general magnitude of the cost of such reductions.
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Pollution Prevention Measures


One possible means of achieving reductions in mercury emissions is through the use of pollution
prevention or source reduction.  Such approaches to achieving reductions involve changes in processes or
inputs to reduce or eliminate emissions of mercury from a particular product or process.  They could
include, for example, the replacement of mercury with an appropriate substitute or the use of low-
mercury constituents.


In considering opportunities for pollution prevention or source reduction it is important to
consider both the potential reductions achievable and the costs of these options.  Any consideration of
the potential reductions, should examine whether (and the extent to which) emission reductions from the
particular sources in question will yield reductions in risk to public health and the environment.  It is also
essential to understand the costs associated with implementing a pollution prevention measure, including
any changes in the quality of the end product.


Removing mercury-containing products such as batteries, fluorescent lights and thermostats
from the waste stream can reduce the mercury input to waste combustors without lowering the energy
content of the waste stream.  The mercury removal efficiency would vary, however, depending on the
extent of the separation. Many materials in wastes contain mercury.  Materials that comprise a large
portion of the waste stream, such as paper, plastic, dirt and grit and yard waste, contain very low
concentrations of mercury.  Therefore, obtaining appreciable mercury reduction from separation of these
types of materials would require separating a large fraction of the total waste stream.  Separating these
materials would counter the intended purpose of the combustion process, which is to disinfect and reduce
the volume of waste materials.


Other materials contain higher concentrations of mercury, but make up only a very small portion
(less than 1 percent) of the waste stream.  These materials include mercuric oxide batteries, fluorescent
lights, thermostats and other electrical items.  Separation of such materials can reduce mercury input to a
combustor without removing any of the energy content of the waste stream.  To evaluate a materials
separation program, the feasibility and costs of separating a particular material should be compared with
the mercury emission reduction achieved.  Furthermore, the current and future mercury reduction
achieved by separating a certain material should be considered since the mercury contribution of some
materials such as household batteries has already declined considerably.


Coal Cleaning


Coal cleaning is another option for removing mercury from the fuel prior to combustion.  In
some states, certain kinds of coal are commonly cleaned to increase its quality and heating value. 
Approximately 77 percent of the eastern and midwestern bituminous coal shipments are cleaned in order
to meet customer specifications for heating value, ash content and sulfur content.


There are many types of cleaning processes, all based on the principle that coal is less dense than
the pyritic sulfur, rock, clay, or other ash-producing impurities that are mixed or embedded in it. 
Mechanical devices using pulsating water or air currents can physically stratify and remove impurities. 
Centrifugal force is sometimes combined with water and air currents to aid in further separation of coal
from impurities.  Another method is dense media washing, which uses heavy liquid solutions usually
consisting of magnetite (finely ground particles of iron oxide) to separate coal from impurities.  Smaller
sized coal is sometimes cleaned using froth flotation.  This technique differs from the others because it
focuses less on gravity and more on chemical separation.
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Some of the mercury contained in coal may be removed by coal cleaning processes.  Volume II
of this Report (An Inventory of Anthropogenic Mercury Emissions in the United States) presents
available data on the mercury concentrations in raw coal, cleaned coal and the percent reduction
achieved by cleaning.  These data, which cover a number of different coal seams in four states (Illinois,
Pennsylvania, Kentucky and Alabama), indicate that mercury reductions range from 0 to 64 percent, with
an overall average reduction of 21 percent.  This variation may be explained by several factors, including
different cleaning techniques, different mercury concentrations in the raw coal and different mercury
analytical techniques. 


It is expected that significantly higher mercury reductions can be achieved with the application of
emerging coal preparation processes.  For example, in one bench-scale study, five types of raw coal were
washed by conventional cleaning methods followed by column froth floatation or selective
agglomeration.  Conventional cleaning and column froth flotation reduced mercury concentrations from
the raw coals by 40 to greater than 57 percent, with an average of 55 percent.  Conventional cleaning and
selective agglomeration reduced mercury concentrations from the raw coals by greater than 63 percent to
82 percent, with an average of 68 percent.  In a second bench-scale study in which three types of coals
were cleaned with a heavy-media-cyclone (a conventional cleaning method) followed by a water-only-
cyclone and a column froth flotation system, mercury concentrations in the raw coal were reduced by as
much as 63 to 65 percent.  Bench-scale testing is also being carried out by DOE to investigate the use of
naturally occurring microbes to reduce mercury (and other trace elements) from coal. 


Any reduction in mercury content achieved by coal cleaning results in a direct decrease in
mercury emissions from boilers firing cleaned coals.  The mercury removed by cleaning processes is
transferred to coal-cleaning wastes, which are commonly in the form of slurries.  No data are available to
assess the emissions of mercury from coal-cleaning slurries.  


Alternative Approaches


There are a variety of flexible approaches for reducing the emissions of hazardous air pollutants. 
These include incentive- or market-based systems, “co-control,” and energy conservation and renewable
energy initiatives.


Incentive-based systems are tools that provide industry with more flexibility than traditional
regulatory programs.  In such a system, the regulatory agency generally sets a ceiling on allowable
emissions (a cap) for each source along with clear and certain penalties for missing the target, but
regulated entities have complete choice in how these targets will be met.  The cost to industry is
determined by the market and by the innovation used in meeting the cap.  Emissions cap programs allow
for increased incentives because sources that reduce emissions below their cap can sell the surplus
reduction to sources that cannot achieve their cap.  Trading is promising where sources have different
compliance costs, or where local environmental impacts are minimal.  Sources that reduce emissions
before they are required to do so can “bank” the excess reductions and save them for later.  Examples of
existing market-based programs include the SO  allowance trading and NOx averaging programs2


implemented under Title IV of the CAA Amendments to reduce acid deposition; the Regional Clean Air
Incentives Market Program and Rules developed in California to reduce emissions of NOx, SOx, and
reactive organic compounds; and U.S. EPA’s Lead Trading Program designed to reduce the emissions of
lead from gasoline in the mid-1980's.


Incentive-based systems to reduce mercury emissions, either through regulation or voluntary
means, may be attractive to utilities and other facilities for several reasons: to reduce mercury emissions
at a lower per unit cost, to insure against future regulation, to reduce the compliance costs of regulation,
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to bank credits toward future regulatory requirements, to build experience with technology and to
demonstrate environmental leadership.  Also, incentive-based programs could provide financing for the
control of mercury among different industries (and potentially other countries) and may be a viable
option for utilities and other sources where cost-effective technologies have yet to be identified.


Co-control refers to the control of mercury by control devices or other management measures
that were designed or prescribed to limit the emissions of pollutants other than mercury.  One example of
co-control is fuel switching, in which one fuel is switched to another (e.g., high-sulfur coal to low-sulfur
coal, or coal to natural gas) to achieve emission reductions in a more flexible or cost-effective way.  Co-
control can also be achieved through the implementation of the National Ambient Air Quality Standards
(NAAQS) for ozone and particulate matter (PM).  In support of the revised ozone and PM NAAQS, U.S.
EPA conducted numerous detailed analyses to predict what control approaches industry might use to
achieve the new standards.  


U.S. EPA estimates that implementation of the New Fine Particle Standard for ambient air
quality through a regional control strategy that significantly reduces SO  below the CAA’s Title IVx


requirements can indirectly lower forecasted mercury emissions in 2010 by about 11 tons from electric
power generation by units burning fossil fuels.  This reduction occurs from both the additions of flue gas
desulfurization units (scrubbers) at coal-fired boilers to lower SO  emissions and through greater reliancex


by the power industry on producing electricity from natural gas as another way to reduce SO .  In thex


Regulatory Impact Analysis for the new NAAQS, U.S. EPA estimated that in 2010 a regional SOx


reduction strategy for the electric power industry to lower fine particle formation will lead to the
installation of scrubbers on additional 60 gigawatts of coal-fired capacity (increasing forecasted scrubber
capacity under Title IV by about two-thirds).  U.S. EPA assumes that scrubbers remove close to 30
percent of the mercury contained in coal flue gas.  U.S. EPA also estimated that electricity produced from
natural gas would increase by 16 percent above baseline levels.  Natural gas combustion produces
negligible levels of mercury emissions.


Title IV of the CAA also encourages energy conservation measures and use of renewable energy
as a long-term strategy for reducing air pollution and other adverse effects of energy production and use. 
Renewable energy is defined as energy that is derived from biomass, solar, geothermal or wind.


Flue Gas Treatment Technologies


Most metals have sufficiently low vapor pressures at typical air pollution control device
operating temperatures that condensation onto particulate matter is possible.  Mercury, on the other hand,
has a high vapor pressure at typical control device operating temperatures, and collection by particulate
matter control devices is highly variable.  Factors that enhance mercury control are low temperature in
the control device system (less than 150 �Celsius [�C] [300 to 400 �Fahrenheit (�F)]), the presence of an
effective mercury sorbent and a method to collect the sorbent.  In general, high levels of carbon in the fly
ash enhance mercury sorption onto particulate matter which is subsequently removed by the particulate
matter control device.  Additionally, the presence of hydrogen chloride (HCl) in the flue gas stream can
result in the formation of mercuric chloride (HgCl ), which is readily adsorbed onto carbon-containing2
particulate matter.  Conversely, sulfur dioxide (SO ) in flue gas can act as a reducing agent to convert2
oxidized mercury to elemental mercury, which is more difficult to collect.


Add-on controls to reduce mercury emissions are described in detail in this volume, including
information on commercial status, performance, applicability to the specified mercury emission sources,
and secondary impacts and benefits.  The controls described are:
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� Carbon filter beds;
� Wet scrubbing;
� Depleted brine scrubbing;
� Treated activated carbon adsorption; 
� Selenium filters; and 
� Activated carbon injection.


The most important conclusions from the assessment of flue gas treatment technologies include:


� Factors that enhance mercury control are low temperature in the control device system
(less than 150�Celsius [�C][300 to 400�Fahrenheit(�F)]), the presence of an effective
mercury sorbent and a method to collect the sorbent.  In general, high levels of carbon in
the fly ash enhance mercury sorption onto particulate matter which is subsequently
removed by the particulate matter control device.  Additionally, the presence of
hydrogen chloride (HCl) in the flue gas stream can result in the formation of mercuric
chloride (HgCl ), which is readily adsorbed onto carbon-containing particulate matter, so2


can be efficiently scrubbed by a wet FGD system.  Conversely, sulfur dioxide (SO ) in2


flue gas can act as a reducing agent to convert oxidized mercury to elemental mercury,
which is more difficult to collect.


� Conversion of mercury cell chlor-alkali plants to a mercury-free process is technically
feasible and has been previously demonstrated.


� Control technologies designed for control of pollutants other than mercury (e.g., acid
gases and particulate matter) vary in their mercury-removal capability, but in general
achieve reductions no greater than 50 percent (except for high removal efficiencies for
HgCl  by wet scrubbers).2


� Selenium filters are a demonstrated technology in Sweden for control of mercury
emissions from lead smelters.  Carbon filter beds have been used successfully in
Germany for mercury control on utility boilers and MWC’s.  These technologies have
not been demonstrated in the U.S for any of these source types.


� Injection of activated carbon into the flue gas of MWC’s and MWI’s can achieve
mercury reductions of at least 85 percent.  The addition of activated carbon to the flue
gas of these source types would not have a significant impact on the amount of
particulate matter requiring disposal.


� No full-scale demonstrations of mercury controls have been conducted in the U.S. for
utility boilers.  Based on limited pilot-scale testing, activated carbon injection provides
variable control of mercury for utility boilers (e.g., the same technology might capture
20 percent of the mercury at one plant and 80 percent at another).  The most important
factors affecting mercury control on utility boilers include the flue gas volume, flue gas
temperature and chloride content, the mercury concentration and chemical form of
mercury being emitted. 


� The chemical species of mercury emitted from utility boilers vary significantly from one
plant to another.  Removal effectiveness depends on the species of mercury present.  To
date, no single control technology has been identified that removes all forms of mercury.
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� The addition of activated carbon to utility flue gas for mercury control would
significantly increase the amount of particulate matter requiring disposal.


Cost of Controls


The overall approach for assessing the cost of flue gas treatment technologies was to select a
subset of source categories on the basis of either their source category emissions in the aggregate or their
potential to be significant point sources of emissions.  Consideration was also given to whether a
particular source category was a feasible candidate for application of a control technology-based
standard under section 112 of the CAA.  The cost analyses cover four source categories:  municipal
waste combustors (MWC), medical waste incinerators (MWI), chlor-alkali plants, and utility boilers.


In addition to determining the cost effectiveness of applying mercury control technology, a
financial analysis was performed to evaluate the affordability of mercury control (in terms of potential
price increases or impacts on financial impact) for the selected source categories.


Table ES-6 presents the four source categories for which a control technology and cost analysis
was performed.  The table presents the number of facilities in each category and the percent contribution
of each to the national inventory.  Potential national mercury reductions, potential national control costs
and cost-effectiveness estimates are also presented.  These estimates are based on the assumption that all
plants within a source category will achieve the same reductions and incur the same costs as the model
plants used in the analysis.  Because this assumption would not be applicable in all circumstances, the
estimates of potential reductions and costs should be used only for relative comparisons among the
source categories to give an initial indication as to where mercury controls could provide the most
emission reduction for the least cost.


The cost of mercury control incurred by any specific facility may be underestimated by the cost
analysis presented in this Report because of variability inherent in the assumptions that were made in the
analyses.  These assumptions include the efficiency of the various control techniques for reducing
mercury, the amount of mercury in the flue gas stream and other site-specific factors such as down-time
and labor costs.  In addition, costs for monitoring and record keeping were not included in the cost
analyses.  These requirements would be specific to a regulatory action.  On the other hand, the costs
represent retrofit application of controls.  Installation of controls at new facilities can be significantly less
expensive than retrofitting an existing facility.


The estimates of cost for mercury reductions do not illustrate two important considerations.  One
is that, as presented, all of the cost of control could mistakenly be attributed to mercury removal.  As
described in this Report, many of these controls achieve reductions of other pollutants as well (e.g., acid
gases, dioxin, other metals).  In some cases (e.g., the emission guidelines for MWI), the choice of control
technology or control strategy is aimed at reducing pollutants other than mercury.  In these cases, there is
a co-control benefit of mercury reduction.  The benefits of reducing other pollutants should be
considered when interpreting the mercury control costs.  Second, the technologies available for mercury
control represent relatively new applications of these technologies.  Thus, in the future, it is likely that as
new or emerging technologies develop, the cost-effectiveness of control will improve.  Air pollution
control and prevention techniques are continuously under development and improvement.  There is a
fairly rapid pace of innovation in the air pollution control sector.  The demand for cleaner products and
cleaner processes that lower overall costs, combined with the necessity for improved air and water
quality, create strong incentives for technological innovation and a growing market for such innovations. 
As the demand for more innovative, cost-effective and cost-saving technologies increase, new
technologies will move from the research and development or pilot program phase to commercial
availability.
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Table ES-6
Potential Mercury Emission Reductions and Costs for Selected Source Categories


Mercury Source Number of Emission National National Annual ($/lb of mercury
Category Facilities Inventory Mercury Control Techniques Reductions Costs removed)


% of U.S.
Mercury Potential Potential Cost-Effectiveness


a b c


Municipal waste 129 18.6 Material separation 27 tons $11.4-47 million $211-870
combustors Product substitution


Activated carbon injection
Carbon filter beds
Polishing wet scrubber


Medical waste ~2,400 10.1 Material separation 15 tons $60-120 million $2,000-$4,000
incinerators Wet scrubber or dry scrubber with carbon (95% reduction)


Activated carbon injection


d d


Coal-fired utility 426 32.5 Fuel switching 37 tons $5 billion $67,700-$70,000
boilers (1,043 Advanced coal cleaning (90% reduction) 


boilers) Activated carbon injection
Carbon filter beds


e


Co-control: ozone and PM NAAQS 11 tons No incremental No incrementalf


mercury control costs mercury control costs


Chlor-alkali plants 14 4.5 Process modification 7.1 tons $65 million $4,590
using the mercury Depleted brine scrubbing (100% reduction)
cell process Treated activated carbon adsorption


Total ~3,586 65.7 ~$5.2 billion


NOTE:  The underlined mercury control techniques are the techniques on which potential national reductions and potential national annual costs are based.


 Estimated reductions assuming every facility could achieve the reduction listed.a


 Potential national costs are estimates only and assume all facilities would incur the same costs as the model plants used in the analysis.b


 Where cost-effectiveness values are presented as a range, the values reflect the range across facilities of different sizes.c


 Cost of control should not be attributed to mercury control alone.  Wet scrubbers efficiently remove nine other pollutants from the MWI flue gas as required by the emissiond


guidelines for MWIs.
 The potential national reductions reflect sufficient amounts of activated carbon to control mercury emissions from coal-fired utility boilers by 90 percent.  Activated carbone


injection has not been demonstrated for a full-scale utility boiler application.  Control costs are upper bound based on high temperature activated carbon injection.  The 37 tons
reduction is 90 percent of 41 tons, accounting for 11 ton reduction from the ozone and PM NAAQS.
Assumes some fuel switching and additional installation of wet scrubbers which are assumed to remove 30 percent.f 
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While existing technology will play a key role in reducing mercury from some sources, emerging
technology may be more appropriate for others.  Innovations in environmental policies may also play a
key role in developing a national management strategy for mercury.  These innovations could include
multi-media approaches, greater emphasis on pollution prevention, regional control strategies and
optimization of co-control opportunities.  


Benefits Assessment Framework


The benefits assessment framework presented in Chapter 4 of this Volume discusses the
theoretical background supporting a benefits assessment for reducing mercury contamination and raises
relevant issues to be considered in future work on such a benefits assessment.  The framework identifies
and discusses the various steps and inputs necessary for such an assessment.  It discusses the basic
concepts and issues relevant to understanding and conducting an assessment of the economic benefits
associated with reducing mercury contamination.  An additional goal of the framework is to provide
background on the theoretical and practical issues that need to be addressed in preparing a rigorous,
comprehensive benefits assessment.


 Performing a comprehensive benefits analysis for mercury contamination will require a
coordinated effort across the Agency to take advantage of the knowledge and ongoing work on mercury
and benefits assessment within various offices.  Specific steps are identified for moving forward with a
thorough benefits assessment, identifying readily available information on the effects of mercury
contamination and possible approaches to assessing the benefits of reducing those effects.  Relevant
issues to be considered during this process are highlighted.


Ongoing U.S. EPA Activities to Reduce Mercury in the Environment


Mercury is a priority pollutant across numerous U.S. EPA programs including air, water,
hazardous waste and pollution prevention. There are numerous activities currently underway to reduce
mercury emissions and releases to the environment.  A number of these activities are described below
which reflect the broad scope U.S. EPA’s approach to the mercury issue.


Clean Air Act Initiatives - The U.S. EPA already has efforts underway to reduce mercury
emissions from industrial sources.  Specific actions being taken under the Clean Air Act include the
following:


� The U.S. EPA has promulgated final emission limits for municipal waste combustors
and medical waste incinerators under the authority of section 129 of the CAA.  Emission
standards have also been proposed for hazardous waste incinerators.


� The U.S. EPA is evaluating the impacts of mercury reductions for the following source
categories:  commercial/ industrial boilers, chlor�alkali plants using the mercury cell
process and portland cement kilns.


� The U.S. EPA plans to evaluate whether secondary mercury production should be added
to the source category list under section 112(c) of the CAA and subsequently evaluated
for regulation under the authority of section 112(c)(6).
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� Numerous CAA requirements involve utilities either directly or indirectly.  Section
112(n)(1)(B) which required this Mercury Study Report to Congress specified utility
boilers for analysis as did section 112(n)(1)(A) which is referred to as the Utility Air
Toxics Report to Congress (Utility Study).  The Utility Study is charged with evaluating
the hazards to public health reasonably anticipated to occur as a result of emissions by
electric utility steam generating units of pollutants listed under Section 112(b), including
mercury, and to evaluate the impact of other provisions of the CAA on these emissions. 
The other provisions of the CAA would include the Acid Rain program as well as
provisions pertaining to National Ambient Air Quality Standards.  The Utility Study is
also required to offer a regulatory recommendation with respect to regulation of utility
boilers under section 112 of the CAA.


� The �Great Waters� program (section 112(m)) is an ongoing study with biennial reports
to Congress required.  The program must identify and assess the extent of atmospheric
deposition of hazardous air pollutants (including mercury) to the Great Lakes and other
specified waters, the environmental and public health attributable to atmospheric
deposition and the contributing sources.  Two reports have been submitted to Congress
which address these issues.


Mercury Task Force - U.S. EPA established this task force to consider strategies for coordinating
various programs for use, management, and disposal of mercury.


Virtual Elimination Project - U.S. EPA and Environment Canada have created this joint project
aimed at developing strategies to achieve the Great Lakes Water Quality Agreement’s (GLWZA’s) goal
that persistent toxic substances should be �virtually eliminated� from the Great Lakes.


Other Pollution Prevention Programs - U.S. EPA is working with state and local governments to
develop a national network of prevention programs that will assist regulators at all levels of government
in promoting pollution prevention.


Conclusions


The following conclusions are presented in approximate order of degree of certainty in the
conclusion, based on the quality of the underlying database.  The conclusions progress from
those with greater certainty to those with lesser certainty.


� Conversion of mercury cell chlor-alkali plants to a mercury-free process is technically
feasible and has been previously demonstrated.


� Energy conservation and switching to low-mercury fuels would reduce the amount of
mercury being emitted by utility boilers.


� Injection of activated carbon into the flue gas of MWC’s and MWI’s can achieve
mercury reductions of at least 85 percent.  The addition of activated carbon to the flue
gas of these source types would not have a significant impact on the amount of
particulate matter requiring disposal.
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� Numerous opportunities exist for replacing mercury in various products with other
materials, such as solid state electronics for mercury switches, digital thermometers for
mercury thermometers and zinc-air batteries for mercury batteries.


� Removing mercury-containing products such as batteries, fluorescent lights and
thermostats from the waste stream can reduce the mercury input to waste combustors
without lowering the energy content of the waste stream.  The mercury removal
efficiency would vary, however, depending on the extent of the separation.


� Selenium filters are a demonstrated technology in Sweden for control of mercury
emissions from lead smelters.  Carbon filter beds have been used successfully in
Germany for mercury control on utility boilers and MWC’s.  These technologies have
not been demonstrated in the U.S.


� Control technologies designed for control of pollutants other than mercury (e.g., acid
gases and particulate matter) vary in their mercury-removal capability, but in general
achieve reductions no greater than 50 percent.


� The available data on coal cleaning indicate that mercury reductions ranged from zero to
64 percent.  The average reduction was 21 percent.  This variation may be due to several
factors including different cleaning methods, different mercury concentrations in the raw
coal and different mercury analytical techniques.  There are no data available to assess
the potential for mercury emissions from coal-cleaning slurries.


� Limited pilot-scale studies with the injection of activated carbon indicate variable
control of mercury from utility boilers (e.g., the same technology might capture 20
percent of the mercury at one plant and 80 percent at another).  The most important
factors affecting mercury capture in utility flue gas streams include flue gas volume, flue
gas temperature, flue gas vapor and particulate phase constituents (e.g., chlorine as HCl,
nitrogen oxides, sulfur oxides, metal oxides on the surfaces of particulate matter, fly ash
composition, percent carbon in fly ash, etc.), the mercury concentration and chemical
species being formed, and the existing APCDs being augmented (e.g., fabric filters
versus ESPs) for mercury capture by activated carbon.  Mercury capture is mass transfer
limited in utility flue gas streams due to the low mercury concentrations in the extremely
high volumes of flue gas.


� The addition of activated carbon to utility flue gas for mercury control would increase
the amount of particulate matter requiring disposal.  Studies are just being conducted to
assess the stability/leachability for possible re-emission of mercury in the near- and
long-term from the carbons and sorbents captured in the gas phase and disposed of in the
solid phase in landfills.


� The chemical species of mercury formed during the combustion process and post-
combustion conditions vary significantly from one plant to another.  While combustion
conditions vary, the subsequent fly ash and vapor phase constituents can play a major
role in the percentage of the chemical species of mercury formed.  Understanding the
rate controlling mechanisms (e.g., transport, equilibrium, and kinetics) will aid in
predicting
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and possibly controlling the species formed in order to optimize existing APCDs for
mercury removal.  Removal effectiveness is dependent on the species of mercury
present.  There are promising technologies being investigated at the bench- and pilot-
scales for the removal of mercury, but none have been tested at the full scale.


� Given the relative low maturity level of these technologies being tested, commercial
deployment is still several years away.  Deployment is strongly dependent on
understanding the fundamental mechanisms of the flue gas and mercury chemistries, and
the results of well designed bench- and larger pilot-scale studies.  In addition, no single
control technology has been tested at the pilot-scale or larger that removes all forms of
mercury.


There are many uncertainties associated with the cost analysis for individual source categories
due to assumptions inherent in a model plant approach.  The impact of these uncertainties on the
analyses include the following:


� Data from full-scale testing of activated carbon injection with and without flue gas
cooling at a variety of coal-fired utility boiler systems representative of the utility
industry.


� Additional data on the efficiency of various sorbents including fly ash-based sorbents,
activated carbon, impregnated carbons, noble metal sorption, and other types of sorbents,
in reducing the different chemical species of mercury present in flue gas.


� Additional data on improving the mercury mass transfer limitation(s) and reactivity of
activated carbon while decreasing the mass carbon-to-mercury ratio.


� Information on the cost-effectiveness and commercialization costs of other technologies
for mercury control that are currently in the research stage.  These include impregnated
activated carbon, sodium sulfide injection, activated carbon fluidized bed, noble metal
sorption, sorbent injection alone and with humidification, and other types of sorbents.


� Additional data/information on the impacts of flue gas cooling, through  humidification
on acid mist formation and the means to control the sulfur trioxide before the acid mist is
formed.  The range of the cost of control of sulfur trioxide under carbon injection
scenarios with humidification needs to be determined. 


� Additional data on the ability and cost of conventional or advanced coal cleaning
techniques to remove mercury from raw coal.  The potential for mercury emissions from
coal-cleaning slurries needs to be characterized.  In addition, the added costs for
advanced coal cleaning in combination with post-combustion controls for mercury have
not been fully developed.


� Additional data on the fundamental mechanisms responsible for conversion of mercury
to other chemical species and the natural adsorption of mercury with the native fly ash as
a result of combustion of certain coals or post-combustion conditions.
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� Additional information on improving the capture of elemental mercury and the oxidized
form of mercury in wet FGD systems.


 � Improvement and development of  modeling capabilities for predicting mercury
speciation, conversion, and adsorption with fly ashes and sorbents in conjunction with
laboratory and pilot-scale test results.


� Improvement and development of predictive models for the emission of elemental and
non-elemental forms of mercury.


� Data on the impacts on waste and by-products as a result of mercury capture in fly ash,
sorbents mixed with fly ash, FGD waste, and other aqueous and solid effluent streams
associated with utilities.  Determine the stability (identify the form of mercury in waste)
and leaching properties, and potential near- and long-term re-emission of mercury from
the various wastes.


� Improvements on development of real time mercury measurement techniques (CEMs) to
measure and speciate at the 1 ppb level in order to possibly reduce the cost of control of
mercury by optimization through advanced process control.
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1. INTRODUCTION


Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, requires the U.S.
Environmental Protection Agency (U.S. EPA) to submit a study on atmospheric mercury emissions to
Congress.  The sources of emissions that must be studied include electric utility steam generating units,
municipal waste combustion units and other sources, including area sources.  Congress directed that the
Mercury Study evaluate many aspects of mercury emissions, including the rate and mass of emissions,
health and environmental effects, technologies to control such emissions and the costs of such controls.


In response to this mandate, U.S. EPA has prepared an eight-volume Mercury Study Report to
Congress.  The eight volumes are as follows:


I. Executive Summary
II. An Inventory of Anthropogenic Mercury Emissions in the United States
III. Fate and Transport of Mercury in the Environment
IV. An Assessment of Exposure to Mercury in the United States
V. Health Effects of Mercury and Mercury Compounds
VI. An Ecological Assessment for Anthropogenic Mercury Emissions in the United States
VII. Characterization of Human Health and Wildlife Risks from Mercury Exposure in the


United States
VIII. An Evaluation of Mercury Control Technologies and Costs


This Report, Volume VIII, includes a description and analysis of additional technologies that
could bring about greater controls of mercury emissions, and existing state and federal programs that
control the use and release of mercury.  This Report also describes management alternatives and U.S.
EPA's statutory authority under the CAA to control mercury emissions.


1.1 Risk Management Principles


Risk management is the process by which U.S. EPA arrives at a regulatory decision.  The
analyses of human health effects, ecological effects and the exposure assessment presented in previous
volumes of this Report were combined in the risk characterization (Volume VII).  The risk
characterization is designed to provide decision makers with the essential risk information they need for
making risk management decisions.  Risk managers must take into account not only the findings of the
risk assessment, but also consider non-scientific factors such as statutory authorities, technological
limitations and feasibility and economic and social consequences before reaching a regulatory decision.


This Volume of the Mercury Study Report to Congress focuses on the risk management issues
that decision makers need to weigh against the findings of the risk assessment and risk characterization. 
The first goal of this Volume is to describe the analyses that were performed to characterize the non-
scientific risk management factors listed above, and to present the results of these analyses.  The second
goal is to illustrate where there are regulatory gaps with respect to sources of airborne mercury by
summarizing regulations already in place and describing other non-regulatory programs U.S. EPA has
underway to address emissions of mercury.  Third, this Report summarizes the regulatory options that
are both available and feasible under the statutory authority of the CAA.  In particular, sections 112 and
129 of the CAA contain provisions most pertinent to the control of mercury emissions.
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The overall approach for the analyses was as follows.  First, a subset of source categories was
chosen for control technology and cost analyses on the basis of either their source category emissions in
the aggregate or their potential to be significant point sources of emissions.  Consideration was also
given to whether a particular source category was a feasible candidate for application of control
technology (e.g., fluorescent lamp breakage would not be considered an appropriate mercury emission
source category for a technology-based standard under section 112 of the CAA).  Although this narrowed
the analyses to a certain group of source categories, it was believed that this approach would give the risk
manager an overall sense of what could be required in terms of technologies and costs for the source
categories potentially posing the greatest impact.


As mandated by the CAA, an analysis of control technologies and the costs of such technologies
was undertaken.  The analyses were primarily focused on "end-of-pipe" technologies and some pollution
prevention options for four specific source categories.  It is recognized that for a number of source
categories, "end-of-pipe" technologies may not be the only remedy.  For example, for the combustion
source categories, a fuel switch could also be an effective way to achieve emission reductions.  Removal
of mercury-containing materials from the waste stream is another possible control option.  Although
these types of remedies are described qualitatively in the report, it was believed that it was beyond the
scope of the analysis to quantitatively assess every combination of potential controls.  In addition, it
should be noted that the analyses presented here should not be considered to substitute for a regulatory
analysis.  Any source category that becomes subject to regulatory action should be thoroughly evaluated
for a range of control options and not limited to those presented here.


In addition to determining the cost effectiveness of applying mercury control technology, a
financial analysis was performed to evaluate the affordability of mercury control (in terms of potential
price increases or impacts on financial impact) for the selected source categories.


Finally, existing state and Federal regulatory programs for mercury are described to help identify
regulatory gaps, particularly for air emissions of mercury.  Management alternatives and statutory
authorities under the CAA are also summarized.


1.2 Report Organization


The remainder of this Report is organized into the following six chapters:


� Chapter 2 describes opportunities for further mercury controls over and above the status
quo, including pollution prevention measures (i.e., product substitution, process
modification, and materials separation), coal cleaning, other management measures for
utilities (e.g., emissions trading, conservation, renewable energy options and fuel
switching) and end-of-pipe emission control technologies.


� Chapter 3 addresses the costs and financial impacts associated with further mercury
controls.


� Chapter 4 presents a mercury benefits assessment framework and discussion.


� Chapter 5 summarizes mercury control strategies, including federal, international and
state authorities and activities that impact mercury emissions.
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� Chapter 6 presents conclusions.


� Chapter 7 identifies research needs.


All references cited in the volume are listed after Chapter 7.  The Report also contains two
appendices:  Appendix A presents pilot test data on the mercury removal efficiency of activated carbon
injection for utility boilers, and Appendix B presents model plant cost analyses for installing and
operating applicable mercury control techniques at selected source types.
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2. MERCURY CONTROLS


This chapter provides information on mercury controls that provide opportunities for significant
further reductions of mercury emissions.  Four major types of control techniques are described:


� Pollution prevention measures, including product substitution, process modification and
materials separation;


� Coal cleaning;


� Alternative approaches, including incentive-based systems, co-control and conservation
measures; and


� Flue gas treatment technologies.


Table 2-1 summarizes information on the control techniques applicable to the different source
categories studied, including the level of mercury control and the present frequency of use.  Each of the
techniques is described in more detail in the sections that follow.


2.1 Pollution Prevention and Other Management Measures


Faced with the increasing costs and liabilities associated with end-of-the-pipe waste management
practices, many waste generators are turning to pollution prevention as a potentially cleaner, safer, and
more cost-effective alternative.  Pollution prevention (also known as source reduction) is defined as:


Any practice which reduces the amount of any hazardous substance, pollutant, or contaminant
entering the waste stream or otherwise released to the environment (including fugitive emissions)
prior to recycling, treatment, or disposal; and reduces the hazards to public health and the
environment associated with the release of such substances, pollutants, or contaminants
(Pollution Prevention Act of 1990, 42 U.S.C. Section 13101, et. Seq.).  


Pollution prevention includes such techniques as toxics use reduction, raw material substitution,
process or equipment modification, product redesign, training, improved inventory control, production
planning and sequencing, and better management practices.


Much of the pollution prevention idea revolves around “life-cycle assessment.”  The concept of
life-cycle assessment involves evaluating the environmental effects associated with any given activity
from the initial gathering of raw material from the earth until the point at which all residuals are returned
to the earth.  This “cradle to grave” concept is not new, but only recently have industry, environmental
interests and regulatory authorities begun to develop procedures that facilitate understanding overall
processes, the underlying data and the inherent assumptions that make such an analysis possible.  U.S.
EPA and technical trade organizations have developed guidance on the specific details involved in
conducting life-cycle assessments and the concept is gaining strength as a means of pollution prevention. 
Often life-cycle analysis and the resulting pollution prevention alternatives can reduce the cost associated
with production or pollution controls. 







2-2


Table 2-1
Summary of Mercury Control Techniques for Selected Source Types


Mercury Control Applicable Estimated Mercury Cross-Media Other Pollutants Comments
Technique Source Type Removal Efficiency Impacts? Controlleda


Product substitution MWCs, MWIs Variable, depending on Yes Could include other� Product substitution has reduced the use of mercury in household
(e.g., batteries, the extent of substitution components of batteries
fluorescent lights) mercury-containing


batteries, fluorescent
lights and other
products


� Use of mercury-containing fluorescent lights has increased because of
their energy efficiency, but lower mercury content is being achieved


� The impact of product substitution to other areas depends on specific
circumstances, including technical and economic feasibility


Process modification Mercury cell 100% Yes None directly � In 1994, about one-half of the chlor-alkali plants used mercury-free
chlor-alkali processes
plants


� Because the membrane cell process has lower electricity demands
than the mercury cell process, plant conversion results in an energy
savings


� Additional savings presumably also result by avoiding costs of
recycling or disposing of mercuric wastes


Materials separation MWCs and Variable, depending on Yes Could include other� Separation of low-volume materials containing high mercury
MWIs the extent of separation components of concentrations (e.g., batteries, fluorescent lights, thermostats and


mercury-containing other electrical items) can reduce mercury input to a combustor
wastes burned in without removing energy content of the waste stream
MWCs or MWIs


� Household battery separation has been implemented by several
communities; program efficiency ranges from 3 to 25 percent


� Material separation programs at hospitals have been successful







Table 2-1  (continued)
Summary of Mercury Control Techniques for Selected Source Types


Mercury Control Applicable Estimated Mercury Cross-Media Other Pollutants Comments
Technique Source Type Removal Efficiency Impacts? Controlleda
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Carbon filter beds MWCs, utility 99% Yes Residual organic � Currently applied to five full-scale power plants in Germany, and
boilers, compounds, other planned to be installed on five hazardous waste incinerators in Europe
industrial heavy metals, S0,
boilers acid gases


2
� Technically feasible to other sources, such as MWIs or smelters, but


has not been applied


� Potential negative effects associated with the disposal of spent carbon
and the potential for fires in the bed


Wet scrubbing MWCs, MWIs, Can be >90% for water- Yes Acid gases, metals,� Have not been applied to MWCs  in the U.S., although they have
boilers soluble species; limited particulate matter, been used at MWCs in Europe and MWIs in the U.S.


for elemental mercury dioxins, furans (from
MWCs & MWIs) � 25 percent of coal-fired boilers currently have wet scrubbers for


sulfur dioxide removal


� Requires treatment of wastewater prior to disposal


� May form more toxic, lesser-chlorinated dioxin and furan congeners
from MWCs & MWIs, but not from utility boilers


Depleted brine Chlor-alkali 98% Yes None � Very little information is available on this technique
scrubbing plants


Treated activated Chlor-alkali 90% Yes Residual organic � Very little information is available on this technique
carbon adsorption plants compounds, other


heavy metals, SO,2
acid gases


� In 1984, carbon bed systems were in use at 8 of the 20 chlor-alkali
plants in operation in the U.S. at that time
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Summary of Mercury Control Techniques for Selected Source Types


Mercury Control Applicable Estimated Mercury Cross-Media Other Pollutants Comments
Technique Source Type Removal Efficiency Impacts? Controlleda
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Selenium filters Primary copper 90% Yes Particulate matter, � Factors that influence performance include inlet mercury
smelters, acid gases concentrations and its form(s), flue gas temperature and flue gas dust
primary lead content
smelters, and
(more limited)
MWCs,
crematories,
power plants


� Four known applications at smelters as well as a MWC and a
crematory in Sweden; known installation at a German power plan;
potentially applicable to MWIs


� Spent filter containing selenium and mercury must be landfilled after
use


� More information needed on the possibility of selenium being emitted
and re-emission of mercury from the filter itself


Activated carbon MWCs, MWIs, 50-90+% Yes Chlorinated dioxins � Activated carbon injection efficiencies reported for utility boilers are
injection utility boilers and furans, potentially based on pilot-scale data and as such have a high degree of


other semi-volatile uncertainty
organics


� Factors that influence performance include flue gas volume &
temperature, flue gas vapor and particulate phase constituents (e.g.
chlorine as HCl, nitrogen & sulfur oxides, metal oxides on the
surfaces of particulate matter, fly ash composition, percent carbon in
fly ash, etc.), the mercury concentration and chemical species being
formed, the existing APCDs being augmented (e.g. fabric filters
verses ESPs) for mercury capture by activated carbon, and the type &
amount of activated carbon being used.


� Addition of carbon could have an impact on amount of particulate
matter requiring disposal from utility boilers, but not from MWCs or
MWIs


 For the purpose of this table, cross-media impacts refer to the potential to transfer and release mercury to media other than air, such as soil, ground water, and surface water.  For example, carbona


filter beds and wet scrubbers remove mercury from air emissions but result in the generation and disposal of mercury-containing solid and liquid wastes, respectively.  In the case of product
substitution, cross-media impacts refer to the potential to decrease airborne emissions of mercury at one site but increase such emissions elsewhere.
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According to the Society of Environmental Toxicology and Chemistry’s guidance document
entitled “A Technical Framework for Life-Cycle Assessments,” the principles of life-cycle assessment
are based on three basic components: 


� Life-cycle inventory -- An objective, data-based process of quantifying energy and raw
material requirements, air emissions, waterborne effluents, solid waste, and other
environmental releases incurred throughout the life cycle of a product, process, or
activity.


 
� Life-cycle impact analysis -- A technical, quantitative, and/or qualitative process to


characterize and assess the effects of the environmental loadings identified in the
inventory component.  The assessment should address both ecological and human health
considerations as well as other effects such as habitat modification and noise pollution.


� Life-cycle improvement analysis -- A systematic evaluation of the needs and
opportunities to reduce the environmental burden associated with energy and raw
materials use and waste emissions throughout the whole life cycle of a product, process,
or activity.  This analysis may include both quantitative and qualitative measures of
improvements, such as changes in product design, raw material use, industrial
processing, consumer use and waste management.


These three components comprise an integrated approach that, when combined with other appropriate
information, can provide the information needed to maximize environmental improvement.  U.S. EPA
has compiled guidance on the life-cycle analysis inventory component (U.S. EPA, 1993d) and also has
compiled a directory of resources for conducting life-cycle assessments and pollution prevention in
general (U.S. EPA, 1993e).


Discussed below are four measures for reducing mercury emissions:  substitution of non-
mercury-containing products to reduce the amount of mercury entering waste streams ultimately
managed in MWCs and MWIs; the conversion of mercury cell chlor-alkali plants to the membrane cell
process, thereby eliminating all mercury emissions from that source category; separation of mercury-
containing materials from the waste streams of MWCs and MWIs; and coal cleaning, which may remove
some of the mercury contained in coal in addition to achieving other benefits (reducing ash and/or sulfur
content and increasing heating value of coal).  This section also discusses various other management
measures that could be used to reduce mercury emissions from utilities, including incentive-based
systems, co-control and conservation measures.


2.1.1 Product Substitution


One option for reducing the mercury content of municipal and medical waste streams is the
replacement of items containing significant mercury levels.  The potential for product substitutions
requires that the specific circumstances of each situation be examined.  As a result, general estimates of
potential mercury reductions and costs associated with product substitution are not possible at this point. 
This subsection discusses batteries and fluorescent lights and other products.


2.1.1.1 Batteries


The battery industry has undertaken two initiatives to reduce the amount of mercury used in
battery manufacturing.  The first initiative is directed toward reducing and eventually eliminating
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mercury in household batteries.  Historically, mercury has been used (1) to inhibit side reactions and
corrosion of the battery casing material used with carbon-zinc and alkaline batteries, and (2) as a
component in the zinc amalgam that forms the electrical anode of alkaline batteries.  Through recent
production improvements, use of mercury to inhibit casing material reactions and corrosion has been
eliminated, and the level of mercury in the zinc amalgam has been reduced to trace levels (White and
Jackson, 1992).


The battery industry's second initiative has been to develop alternatives to mercuric oxide
batteries where small size and constant current supply are critical.  These batteries use mercury as the
cathode material.  Unlike alkaline batteries, mercuric oxide batteries cannot maintain their performance
at reduced mercury levels.  The battery industry has developed alternative battery designs, such as zinc-
air and silver-oxide batteries, that are capable of delivering comparable levels of performance at
reasonable cost.  As a result, the use of mercuric oxide batteries has declined, lowering the amount of
mercury put into the municipal and medical waste streams (White and Jackson, 1992).


The applicability of product substitution to other areas will vary based on technical and
economic feasibility -- both on the part of product manufacturer and user.  For example, zinc-air
batteries, although having similar current delivery performance to mercuric oxide batteries, have a
shorter operating life.  Because the number of batteries required on an annual basis would increase if
consumers use zinc-air batteries, the annualized cost of zinc-air batteries would be higher than for
mercury-zinc batteries.


Industry initiatives, combined with recent federal and state control programs, have brought
about a dramatic reduction in the mercury content of batteries (see Volume II of this Report for a more
detailed discussion of battery trends).  For example, alkaline batteries in the U.S. in the mid-1980s
contained mercury in amounts from about 0.8 percent to about 1-2 percent of the battery weight. 
Between late 1989 and early 1991, all U.S. manufacturers converted production so that the mercury
content, except in button and "coin" cells, did not exceed 0.025 percent mercury by weight (National
Electrical Manufacturers Association, 1995).  Such efforts have resulted in a corresponding decline in the
amount of mercury entering the municipal solid waste stream. 


2.1.1.2 Fluorescent Lights and Other Products


The use of mercury-containing fluorescent and other high-efficiency lighting systems is
increasing because of the energy efficiency of these systems.  Reducing or eliminating the use of
mercury in these applications could result in continued use of less efficient technology thereby requiring
increased electricity generation and associated air emissions.


As discussed in Volume II of this Report, the mercury content of fluorescent lamps has
decreased by 53 percent between 1989 and 1995 to 22.8 mg of mercury per lamp, although Philips
Lighting is now manufacturing lamps containing less than 10 mg of mercury.  Assuming a 4 percent
increase in sales and a 53 percent decrease in mercury, estimated discards of mercury in fluorescent
lamps in 1995 would be 14.7 tons.  This would represent a 44 percent decrease from the estimated 26
tons of mercury discarded along with fluorescent lamps in 1989.


Other Products


Alternatives currently available to mercury amalgams in dental preparations include gold,
ceramic, porcelain, polymers, composites and glass ionomers.  The cold silver technique and gallium are
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among the most promising currently in the development phase.  While alternatives to mercury amalgam
have been developed, these alternatives have very limited use for a variety of reasons.  Some of these
variables are the location of the defect in the tooth, the extensiveness of the defect, the location of the
afflicted tooth in the mouth, the amount of stress placed on the filling, and the probability for contact
with moisture during placement of the filling material.  Amalgam use is favored over composite resins
by differences in strength durability, ease-of-placement, and the lower cost between mercury amalgam
and alternatives.  Amalgams also resist dissolution, wear better, and require a less precise technique
during placement.


Mercury use by the dental profession decreases each year as a result of an increased emphasis on
prevention of dental decay.  Fewer fillings are removed now than in previous years, and this trend is
likely to continue.  It has been suggested that with the technological progress being made in amalgam
substitutes, these will become competitive and likely displace traditional amalgam within the next
decade or two.  However, since the general populace already has a great number of dental amalgam
restorations in their teeth, decreasing the amount of amalgam discharge into the waste stream during
amalgam replacement will remain a challenge for some time.


Finally, product substitutions are also expected to decrease the amount of mercury contained in
such items as thermometers, thermostats, and solid state electronic equipment.  For example, mercury
thermometers and thermostats are being replaced with digital devices.  Members of the auto industry are
also in the process of replacing mercury containing switches used in their automobiles.  These mercury
switches have typically been used for lighting, anti-lock brake systems and active ride control.  GM,
Ford, and Chrysler have indicated that mercury switches will be replaced with suitable alternatives in
most 1998 model year cars. (Freedman, 1996)


2.1.2 Process Modification for Mercury Cell Chlor-Alkali Plants


In mercury cell chlor-alkali plants, mercury is used as a flowing cathode in electrolytic cells. 
The mercury electrolytic cell consists of an electrolyzer and a decomposer.  In the electrolyzer section, a
brine solution (usually sodium chloride [NaCl]) flows concurrently with the mercury cathode.  A high
current density is applied between the mercury cathode and the carbon or metal anodes.  Chlorine gas
forms at the anode and an alkali amalgam forms at the mercury cathode.  The amalgam is separated from
the brine in a discharge end-box and then enters the decomposer section, where water is added.  In the
decomposer, the amalgam becomes the anode to a short-circuited graphite cathode resulting in formation
of hydrogen gas and alkali metal hydroxide, and conversion of the amalgam back to mercury.  The
mercury is then recycled to the inlet end-box, where it reenters the electrolyzer.  The major emissions of
mercury from this process occur with the hydrogen gas, the end-box ventilation system and the
electrolytic cell room ventilation air (U.S. EPA, 1973).


Mercury emissions from chlor-alkali operations can be eliminated by converting to the
membrane cell process.  Because the membrane cell process is more energy efficient (Fauh, 1991), the
use of mercury cells is declining.  When economics justify it, a company will dismantle a mercury chlor-
alkali operation, and replace it with the membrane technology (Lawrence, 1994).


In the membrane cell, a synthetic cation exchange membrane separates the electrolytic reaction
products.  Chlorine gas is generated at the anode on one side of the membrane, and caustic soda and
hydrogen gas are produced at the cathode on the other side.  The membrane allows passage of only
sodium ions from the anode to the cathode compartment.  This produces caustic that is purer and more
concentrated than that from other nonmercury technologies, such as the diaphragm cell.  The solution
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produced by membrane cells can be as much as 25 to 30 percent caustic by weight.  This solution is then
evaporated to obtain a 50 percent product (U.S. EPA, 1984).


 When a mercury cell process is converted to a membrane cell process, certain parts of the
process remain the same.  Figure 2-1 presents a block diagram of the new process areas required when
the mercury cells are replaced with membrane cells (Horvath, 1986).  Because mercury levels exceeding
10 parts per million (ppm) in the brine system can greatly affect the membrane performance (O'Brien,
1983), a mercury removal system is required.  The mercury removal process is needed until mercury is
sufficiently purged from the brine (typically 1 or 2 years).  The filters used for mercury removal can later
be used for secondary brine treatment (Horvath, 1986).  More detail on the conversion process is
contained in the reference by O'Brien (1983).


The membrane cell process has lower electricity costs than the mercury cell process.  As a
result, there are electricity savings associated with plant conversion.  As described in detail in Chapter 3
of this Volume, the estimated annual capital cost of converting the model plant to a membrane process
from the mercury cell process (after deducting electricity savings) is about $3.3 million, or about 12
percent of total annual expenditures.  Additional savings would presumably also result from the
avoidance of costs of recycling or disposing of mercuric wastes, although these management costs are
unknown.


2.1.3 Materials Separation


Unlike other metals, mercury has a high vapor pressure at the temperatures typically present in
MWC and MWI air pollution control devices (APCD's).  As a result, mercury does not condense as
readily onto particulate matter (PM) and capture by the PM control device is highly variable.  Separation
of mercury-containing materials from the waste stream before combustion can reduce the amount of
mercury in the exhaust gases from MWCs and MWIs (upstream of the APCD).


Many materials in wastes burned in MWCs and MWIs contain mercury.  Materials that compose
a large portion of the waste stream, such as paper, plastic, dirt and grit and yard waste (MWCs only),
contain very low concentrations of mercury (U.S. EPA et al., 1992).  Therefore, obtaining appreciable
mercury reduction from separation of these types of materials would require separating a large fraction
of the total waste stream.  Separating these materials would counter the intended purpose of the
combustion process, which is to disinfect and reduce the volume of waste materials.


Other materials contain higher concentrations of mercury, but make up only a very small portion
(less than 1 percent) of the waste stream.  These materials include mercuric oxide batteries, fluorescent
lights, thermostats and other electrical items.  Separation of such materials can reduce mercury input to a
combustor without removing any of the energy content of the waste stream.


To evaluate a materials separation program, the feasibility and costs of separating a particular
material should be compared with the mercury emission reduction achieved.  Furthermore, the current
and future mercury reduction achieved by separating a certain material should be considered since the
mercury contribution of some materials such as household batteries has already declined considerably
because of the substitution of mercury-free batteries.  The pros and cons of separating several different
materials are presented below.


2.1.3.1 Household Batteries


Batteries are usually the focus of materials separation efforts aimed at reducing mercury
emissions.  Household batteries, including alkaline and mercuric oxide batteries, have historically been
the largest source of mercury in MSW (U.S. EPA, 1992a).  Both the type and composition of batteries
used in households affect the amount of mercury in the waste stream.
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In 1989, household batteries accounted for an estimated 88 percent of all mercury from
manufactured items in MSW and are expected to account for less than 68 percent by 2000 (U.S. EPA,
1992a).  The expected mass of  mercury from batteries discarded in MSW is expected to decline from
565 to 90 Mg (620 to 99 tons) by 2000 (U.S. EPA, 1992a; Shepherd, 1993).  This decline is due largely
to the reduction in mercury used in alkaline batteries (the type used, for example, in flashlights, toys and
radios).  In 1989, alkaline batteries contributed about 60 percent of the mercury from batteries in MSW. 
Because the use of mercury in alkaline batteries is rapidly declining, however, it is projected that alkaline
batteries will contribute less than 1 percent to the total mercury from batteries by 2000 (U.S. EPA,
1992a; Shepherd, 1993).


By 2000, 99 percent of the battery-related mercury in MSW is expected to come from mercuric
oxide button cells (the type used, for example, in hearing aids, watches and cameras) (U.S. EPA, 1992a). 
Therefore, any program to remove household batteries from MSW should target mercuric oxide button
cells.


Many communities in the United States have implemented household battery separation
programs in an effort to reduce mercury in the waste stream destined for MWCs (Lawrence, 1994).  In
Hennepin County, Minnesota, for example, small cardboard drop boxes are located at jewelry stores,
camera shops and other establishments that sell button cells (Michaud, 1993).  Customers can deposit
used batteries in the box, free of charge.  The batteries in the box are then collected by the county and
sent to a vocational center for hand sorting to separate the batteries by type (mercury-zinc, silver-oxide,
zinc-air and lithium).  The mercury-zinc and silver-oxide batteries are sent to a company in New York to
recover the metals in the batteries.  A fee must be paid to the recycling company for acceptance of the
mercury-zinc button cells, and a credit is provided for the silver button cells (Michaud, 1993).  


Hennepin County also operates a program to separate other types of household batteries such as
alkaline and carbon-zinc batteries.  Collection barrels are located in shopping malls, drug stores, high
schools and other locations.  The county collects these batteries and ships them to a hazardous waste
landfill, since there are no facilities in the United States for recycling them.  Most other programs for
separating button cells or larger household batteries in the United States are very similar to the Hennepin
County program.


The proportion of batteries recovered through community materials separation programs in the
United States (versus the proportion discarded in the MSW stream) is difficult to determine.  Most
estimates of the battery recovery efficiency of household battery separation programs, however, range
from 3 to 25 percent (U.S. EPA, 1991b).


2.1.3.2 Medical Batteries


The concentration of mercury-zinc batteries in hospital waste may be even greater than in MSW,
because industrial-type mercury-zinc instrument batteries are used in hospital diagnostic equipment
(Shepherd, 1993; Cooper, 1993) and there is potential for a high proportion of elderly persons at
hospitals to use hearing aids.  Mercury-zinc instrument batteries contain over 20 times more mercury per
battery than button cells (14 grams (g) of mercury per cell versus 0.63 g of mercury per cell,
respectively) (Shepherd, 1993).  Industrial mercury-zinc batteries have been poorly characterized in most
nationwide inventories of batteries in the waste stream.  Therefore, they may be a more important source
of mercury from MWIs than has been reported.  Thus, the primary targets for separation at hospitals
should be mercury-zinc button cells and instrument batteries.
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Several successful programs have been implemented at hospitals to separate mercury-zinc
button cells and instrument batteries from the waste stream.  Initial results from these programs indicate
that they are highly effective in removing mercury from the waste stream at hospitals (Shepherd, 1993). 
Results of emissions tests from the MWI at the Mayo Clinic in Rochester, Minnesota, showed a
significant decline in mercury emissions after a battery separation program was established (White and
Jackson, 1992).  Similar types of separation programs designed to remove specific items containing high
concentrations of mercury may also be feasible for some industrial, commercial, or military facilities.


2.1.3.3 Fluorescent Lights


Fluorescent lights accounted for about 3.8 percent of the mercury in MSW streams in 1989.  In
1989, there were five mercury recycling facilities in the U.S. where the mercury from such lights can be
recovered.  However, recycling capacity is increasing as state regulations requiring recycling take effect. 
A program to separate such lights would be beneficial in reducing mercury emissions only if there are
facilities available to accept and process the discarded lights in an environmentally sound manner. 
Because fluorescent lights are widely used in homes, schools, commercial facilities and other types of
buildings, a program to separate, store and safely transport them to a processing facility would require a
far-reaching program of education, training and cooperation throughout a community.


It also should be recognized that discarded fluorescent lights can break during handling,
resulting in the direct release of mercury into the environment.  Therefore, while separating fluorescent
lights may reduce mercury inputs to waste combustors, consideration must also be given to the potential
for mercury emissions from handling, storing, recycling and disposing of fluorescent lights by other
means.


2.1.3.4 Mercury Switches in Automobiles


Mercury containing switches are used in the auto industry for lighting, anti-lock brake systems
and active ride control.  The quantity of mercury contained in these switches is low.  For example,
switches used for light activation usually employ less than one gram of mercury.  While that is not much
for one switch, the number of switches in vehicles disposed of every year is noteworthy.  About 9.8
metric tons of mercury go into an estimated 13 million switches supplied each year for auto use;
according to the U.S. Council for Automotive Research (USCAR), Vehicle Recycling Partnership, 94
percent of automobiles that go out of registration are recovered for recycling, but the mercury switches
are generally not recycled.  The current fate of these switches is not well known, and at least some
releases of mercury to air and land may be occurring in connection with the disposal of automobiles.
  


Even though mercury switches are being phased out of new vehicles, they will remain in
existing vehicles for several years.  Therefore, the American Automobile Manufacturers Association
(AAMA), in conjuction with USCAR, is developing a procedure to identify, remove and dispose of, or
recycle switches containing mercury.  Their task force is drafting procedures for distribution to U.S.,
foreign and transplant automakers and to the recycling and dismantling industries.


2.1.4 Coal Cleaning


Approximately 77 percent of the eastern and midwestern bituminous coal shipments are cleaned
to meet customer specifications for heating value, ash content and sulfur content (Akers et al., 1993). 
Along with removing ash-forming and sulfur-bearing minerals, coal cleaning can also reduce the
concentration of many trace elements, including mercury. 
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Conventional coal cleaning methods are based on the principle that coal is lighter than the
pyritic sulfur, rock, clay, or other ash-producing impurities that are mixed or embedded in it. 
Mechanical devices using pulsating water or air currents can physically stratify and remove impurities. 
Centrifugal force is sometimes combined with water and air currents to aid in further separation of coal
from impurities.  Another method, dense media washing, uses heavy liquid solutions usually consisting
of magnetite (finely ground particles of iron oxide) to separate coal from impurities.  


Volume II of this Mercury Study Report to Congress (An Inventory of Anthropogenic Mercury
Emissions in the United States) presents available data on the mercury concentrations in raw coal and
cleaned coal, as well as the percent reduction achieved by conventional coal cleaning methods.  These
data, which cover a number of different coal seams in four states (Illinois, Pennsylvania, Kentucky and
Alabama), indicate that mercury reductions range from 0 to 64 percent, with an overall average reduction
of 21 percent.  This variation may be explained by several factors, including different cleaning
techniques, different mercury concentrations in the raw coal and different mercury analytical techniques.


2.1.4.1 Advanced Coal Cleaning


Advanced coal cleaning methods such as selective agglomeration and column froth flotation
have the potential to increase the amount of mercury removed by conventional cleaning alone.  In one
bench-scale study, five types of raw coal were washed by conventional cleaning methods followed by
column froth flotation or selective agglomeration.  Conventional cleaning and column froth flotation
reduced mercury concentrations from the raw coals by 40 to greater than 57 percent, with an average of
55 percent (Smit, 1996).  Column froth flotation reduced mercury concentrations remaining in the
washed coals by 1 to greater than 51 percent, with an average of 26 percent (Smit, 1996).  Conventional
cleaning and selective agglomeration reduced mercury concentrations from the raw coals by greater than
63 percent to 82 percent, with an average of 68 percent (Smit, 1996).  Selective agglomeration reduced
mercury concentrations remaining in the washed coals by greater than 8 percent to 38 percent, with an
average of 16 percent (Smit, 1996).    


In a second bench-scale study, three types of coals were cleaned by a heavy-media-cyclone (a
conventional cleaning method) followed by a water-only-cyclone and a column froth flotation system. 
The heavy-media-cyclone reduced mercury concentrations in the raw coal by 42 to 45 percent (ICF
Kaiser Engineers, 1995).  The water-only-cyclone and column froth flotation system reduced the
concentrations of mercury remaining in the cleaned coals by 21 to 23 percent (ICF Kaiser Engineers,
1995).  The combined reduction in mercury concentrations from the coals ranged from 63 to 65 percent
(ICF Kaiser Engineers, 1995).  


Bench-scale testing is also being carried out by DOE to investigate the use of naturally
occurring microbes to reduce the mercury (and other trace elements) from coal.


Any reduction in mercury content achieved by coal cleaning results in a direct decrease in
mercury emissions from utility boilers firing cleaned coals.  The mercury removed by cleaning processes
is transferred to coal-cleaning wastes, which are commonly in the form of slurries.  No data are available
to assess the emissions of mercury from coal-cleaning slurries.


While advanced cleaning technologies can reduce mercury from the coal (30 to greater than 60
percent) the potential impact on post combustion form and control of the remaining mercury has not been
thoroughly investigated.  Mercury mass transfer limitations are encountered in emissions control systems
on furnaces firing raw or conventionally cleaned coals.  Advanced coal-cleaning may exacerbate this
problem.  In addition, chemical cleaning techniques being considered may provide a coal that yields a
different form of mercury under combustion and  post-combustion conditions.  This could adversely
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impact the natural mercury capture of the fly ash and across wet/dry flue gas desulfurization (FGD)
systems.  There needs to be more laboratory, bench-, and pilot-scale combustion and subsequent post-
combustion studies to evaluate these potential impacts. In addition, the added costs for advanced coal
cleaning separately and in combination with post-combustion controls for mercury have not been fully
developed.


2.1.4.2 Commercial Status


As mentioned above, approximately 77 percent of the eastern and midwestern bituminous coal is
cleaned to meet customer specifications for heating value, ash content, and sulfur content.  While most of
this coal is cleaned by conventional cleaning methods, advanced cleaning methods, such as column froth
flotation, are starting to emerge.  Microcel� is a type of column froth flotation available through ICF
Kaiser Engineers  and Control International.  The company is the exclusive licensee for the technology in
the coal fields East of the Mississippi River and has sold units for commercial operation in Virginia,
West Virginia, and Kentucky, as well as in Australia under sub-license to Bulk Materials Coal Handling
Ltd.  Ken-Flote� is another type of column froth flotation cell.   


2.1.5 Alternative Approaches


In addition to the other measures discussed in this chapter, there are a variety of flexible
approaches for reducing the emissions of hazardous air pollutants.  For example, under Title IV of the
CAA, U.S. EPA established a new approach as part of its Acid Rain Program for limiting SO  and NO2 x


emissions from the electric-generating industry.  This approach, built on the concept of allocating
"emissions control allowances," represents a significant departure from the more traditional "command
and control" approach to regulation.  Overall, the emissions allowance approach will help improve
efficiency and reduce compliance costs, while leaving intact the environmental benefits intended by
regulation.  Although this and other flexible programs administered by U.S. EPA have not been
rigorously analyzed to determine their applicability and potential cost-effectiveness for mercury controls,
such approaches are briefly described below.


2.1.5.1 Incentive-Based Systems


Historically, environmental regulators have used command-and-control strategies to achieve
reductions in air emissions of various pollutants.  The resulting regulations often result in technology-
based requirements determined by the cost of control of emissions on a dollars per mass basis.  By using
market incentives or market-based approaches to control pollution, emission reductions can potentially
be achieved at lower cost and often with greater certainty.


Incentive-based systems are tools that provide industry with more flexibility than traditional
regulatory programs.  The flexibility and cost-savings provided by such approaches can allow for greater
and faster reductions because incentives for innovations are created, and that innovation can be a driving
force for technological change.  Incentive-based systems do not eliminate the need for regulation, but
stimulate the market to find new ways to reduce pollution through pollution prevention and new
technologies.  In general, these programs set a ceiling on allowable emissions (a cap) and allow
flexibility in how the limits are met.
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In an emissions cap program, the regulatory agency sets a cap for each source, along with clear
and certain penalties for missing the target.  Regulated entities have complete choice in how these targets
will be met.  In this scheme, environmental outcomes are known because they are not likely to exceed
the cap.  The cost to industry is determined by the market and by the innovation used in meeting the cap.


Emissions cap programs allow for increased incentives because sources that reduce emissions
below their cap can sell the surplus reductions to sources that cannot achieve their cap. Trading is
promising where sources have different compliance costs, or where local environmental impacts are
minimal.  Sources that reduce emissions before they are required to do so can �bank� the excess
reductions and save them for later. 


The following discussion highlights some existing market-based programs, followed by the
applicability of such a strategy for mercury reductions.


Examples of Existing Market-Based Programs


SO Allowance Trading.  Sulfur dioxide (SO ) emissions, a majority of which (70%) comes2 2


from coal-fired power plants, are the major cause of acid deposition (known also as �acid rain�).  Under
U.S. EPA’s Title IV Acid Rain Program, the CAA established a goal of reducing the nations’s annual
SO  emissions by ten million tons from 1980 levels.  The SO  program, which covers utility power plants2 2


in the continental U.S., utilizes a tradeable emission, permit system that caps the total allowable
emissions, but allows flexibility to sources in meeting the cap limit. 


The program works by distributing a stream of transferrable SO  emissions permits, each of2


which allows the holder to emit one ton of SO .  The total annual issuance of these permits (called2


�allowances�) is limited to a total number of tons that is well below the number of tons of SO  that were2


emitted in 1980.  If a source’s emissions exceed its allowance allocation, it must purchase additional
allowances from other sources or through U.S. EPA auctions or direct sales, or pay substantial fines. 
Essentially, a source can choose the least costly method of complying with its emissions limits.  Sources
with high control costs may find it less expensive to pay another source to make its reductions by
purchasing allowances from that source. Thus, utilities that reduce their emissions below their allocations
can choose to sell their extra allowances or retain them by �banking� their emission reduction to use or
sell in a future year.


As an adjunct to the SO  allowance program, sources emitting SO  that would otherwise not be2 2


affected by the Acid Rain Program may voluntarily �opt-in� based on their emissions in the baseline
period and are then allowed to trade allowances with other affected sources under that program.  This
opt-in provision provides yet another opportunity for industry to pursue less costly means of reducing
emissions.


U.S. EPA has estimated a 40 percent savings over the projected costs of the SO  program2


without the trade and cap component.  As these cost savings are passed on as lower prices, they are
expected to save purchasers of electricity an average of a half-percent or more on a typical bill, meaning
that the advantages of the allowance program benefit not only the utilities but the entire economy.  The
allowance system contributes to savings in several ways.  For example, it encourages the development of
scrubber technologies that cut emissions below the rates required by the statute, since the excess
reductions can be turned into saleable allowances.  Similarly, it encourages the development and use of
clean coal technologies or low-sulfur coals that might reduce emissions cheaply but not enough to
comply with statutory limits if allowances could not be purchased.  In addition, the allowance
mechanism lets utilities switch fuels or apply scrubbers where they are most cost effective, and use the
excess reductions to reduce the burden on their more expensive units.
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NO  Averaging.  Like the SO  program, the NO  Emissions Averaging program was designed tox 2 x


reduce acid deposition (of which NO  is a constituent) and covers utility power plants in the continentalx


U.S.  This program sets an emission standard based on fuel burned and boiler type (e.g., 0.5 to 0.45
pounds of NO  per million BTUs of fuel burned).  Under an approved plan, the average NO  emissionx x


rates of the pool’s constituent boilers must meet an emissions standard -- individual boilers are not held
to particular standards.  Boilers unable to meet the applicable emissions rates using specified
technologies, may opt to apply for a higher rate.  Thus, the program employs a hybrid of performance-
and technology-based standards.  In addition, the NO  program incorporates a flexible, market-likex


system that allows utilities to average the emissions of their boilers with those of other utilities within the
same holding company, without regard to location.  U.S. EPA weighs the emissions rate achieved by
each boiler over the year (as measured by a continuous emissions monitor, or CEM) by the fuel used by
the boiler.  This procedure ensures that each averaging pool is limited to emitting no more tons of NOx


than its constituent boilers would have emitted if each one had held to its individual standard.  Thus, the
averaging provision allows some boilers to emit at rates above the nominal allowable rates if another
boiler or boilers in the same pool emit at a rate low enough to compensate for the excess emissions.


Estimates of potential saving in the NO  averaging program represent about 20 to 25 percent ofx


the annual NO  control costs to utilities per year of the NO  controls without averaging.  In the absencex x


of the averaging program, utilities have no incentive to move beyond the minimum technology specified
in the statute; the extra emission reductions provided by improved technology have no value to the
utility, and are therefore unlikely to be sought.
 


RECLAIM.  The Regional Clean Air Incentives Market (RECLAIM) Program and Rules were
developed in the South Coast Air Quality Management District of California in conjunction with U.S.
EPA, the California Air Resources Board, and the RECLAIM Steering and Advisory Committees.  The
program specifically targets emissions of NO , SO , and reactive organic compounds from participatingx x


facilities in the South Coast Air Basin, and replaces the emissions reductions requirements of more than
30 adopted rules and 12 future rules.


Facilities in the RECLAIM receive an annual emission cap (annual emission allocation) and are
required to meet specific annual mass emission reduction targets.  All companies with an allocation can
buy, sell, trade, or otherwise transfer all or portions of their allocation, provided they follow the
necessary protocols and reporting requirements.  The RECLAIM rules require audits to ensure that
program goals are being achieved and that improvements in air quality control technology are advancing. 
The cost of NO  and SO  programs under RECLAIM is estimated to be approximately 42 percent lessx x


than the cost of reducing these emissions under traditional U.S. EPA programs. 


Lead Trading Program.  U.S. EPA established the Lead Trading Program as an inter-refinery
averaging mechanism designed to reduce the emissions of lead from gasoline in the mid-1980's. 
Averaging was achieved through the trading of lead credits equal to the difference between the actual
average lead content and the current standard based on average quarterly lead content in gasoline.


Relative to other tradable permit markets, the lead credits market was very active throughout the
life of the program, which ended in 1987.  During the program, between one-fifth and one-third of the
reporting refineries found it either necessary or desirable to purchase lead credits.  U.S. EPA estimates
that these trading provisions saved the refinery industry hundreds of millions of dollars during the
transition from using lead, allowing companies to further refine the components of gasoline, use
difference additives, or change the crude input used.  This cost savings was passed on to retail
consumers.
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Applicability of Incentive-Based Programs to Mercury Reduction


Incentive-based programs to reduce mercury emissions, either through regulation or voluntary
means, may be attractive to utilities and other industries for several reasons:  to reduce mercury
emissions at a lower per unit cost, to insure against future regulation, to reduce the compliance costs of
regulation, to bank credits toward future regulatory requirements, to build experience with technology
and to demonstrate environmental leadership.


Market-based programs could provide financing for the control of mercury among different
industries (and potentially other countries) and may be a viable option for utilities and other sources
where cost-effective technologies have yet to be identified.  A market-based program may be applicable
to mercury reductions for the following reasons:


� Because of mercury’s persistence in the environment, any reductions in current
emissions may be beneficial in the long term.  A market-based program provides
incentive to achieve lower-level reductions (often on the order of 10-50%, instead of
90% which is typical of regulatory programs).  The high cost of higher-level controls
may be offset by trades with lower-level controls.  These lower-level reductions are
often much less expensive on a cost per mass reduced basis and can be encouraged by
making such reductions profitable for purchase by industries which have higher
reduction costs.


� Mercury emissions do not always have a local environmental impact, but can be subject
to long-range transport, contributing to both regional impacts and the �global� reservoir. 
This scenario is conducive to emission trades that balance overall emissions and
reductions from different geographic locations.


� Currently, methods for measuring mercury emissions and some control technologies for
mercury emissions reduction are expensive.  If reducing mercury emissions is
affordable, a new market incentive for companies that produce such technologies will be
created.


Some State governments are already investigating the market-based approach.  For example, Minnesota
is embarking on an investigation of a comprehensive strategy for mercury control.  The  program is
scheduled to begin operation in 2003 (see text box below).  As part of that program, Minnesota is
evaluating market-based incentives.  In Michigan, a pollution prevention task force has  recommended
that utilities submit plans for reducing mercury emissions.  The success of these state initiatives may
influence future national mercury emissions reduction programs.
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Minnesota Comprehensive Strategy for Mercur y Control


The Minnesota Pollution Control Agency (MPCA) has embarked on a strategy to reduce mercury air emissions
in a cost-effective manner.  The state finds that mercury pollution, like acid rain, is a regional, national and even
international problem, and that states with sensitive lakes must take the lead in developing solutions.  


Although Minnesota has been a leader in reducing mercury pollution, these reduction efforts have been
piecemeal.  Now the state is developing a strategy to ensure that overall mercury pollution declines over time. 
Minnesota proposes that this strategy will be comprehensive (addressing all sources), effective (with reductions
in the near term), fair (spreads the burden to all sources), economical (lowest cost, most effective approach),
transferable (a model for others) and verifiable (measurable success).  


The MPCA has recently received funding from U.S. EPA  to develop the initiative.  The MPCA is developing a
number of possible approaches including the following:


� Conventional pollution control standards for industries limiting the allowable mercury
emissions.


� Mercur y fees, which would levy a tax on each pound of mercury released to the environment.
� Special collection systems for mercury-containing products.
� Bans prohibiting the sale of mercury-containing products.
� Tradin g systems based on market incentives.


2.1.5.2 Co-control


Co-control refers to the control of mercury by control devices or other management measures
that were designed or prescribed to limit the emissions of pollutants other than mercury.  Examples of
co-control discussed below are fuel switching and implementation of the National Ambient Air Quality
Standards (NAAQS) for ozone and PM.


Fuel Switching.  Fuel switching refers to switching from one fuel to another (e.g., high-sulfur
coal to low-sulfur coal, or coal to natural gas) to achieve required emission reductions in a more flexible
or cost-effective way.  For example, coal-fired utilities might switch to natural gas during the high ozone
season in the Northeast, or to achieve reductions in greenhouse gases.  This would also lower their
mercury emissions.  In addition, installing pollution control equipment may not be cost-effective for
sources that are not affected by Title IV regulations, which are generally smaller than affected utilities. 
Given the economic benefits of the opt-in program, fuel switching can be more cost-effective for such
smaller sources.  


Attainment of Ozone and PM NAAQS.  In support of the revised PM and ozone NAAQS, U.S.
EPA conducted numerous detailed analyses to predict what control approaches industry might use to
achieve the new standards.  A number of analyses were performed to predict the impact of the standards
on the utility industry.  U.S. EPA examined additional NOx and SO  control measures for utilities. 2


These included more stringent NOx reductions for the utility cap and trade program in the 37 states in the
Ozone Transport Assessment Group, and more stringent SO  reductions for the nationwide Title IV2


utility cap and trade program (acid rain).  The control options modeled included several approaches that
utilities might take, including hybrid approaches (i.e., more than one approach implemented at the same
time or staggered according to season).  These actions could include wet scrubber installation, fuel
switching, repowering (repowering existing coal-fired plants with cleaner fuel), natural gas replacement
(replacing retired coal-fired units with natural gas units) and purchase of emission allowances.  When
modeling these various approaches, U.S. EPA also analyzed the potential reduction in mercury emissions
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based on the impact of implementing the national SOx strategy (to meet the PM NAAQS).  Based on this
analysis, it was estimated that the SOx strategy could achieve at least an 11 ton per year reduction in
mercury emissions from utility boilers (U.S. EPA, 1997).


2.1.5.3 Energy Conservation and Renewable Energy


Title IV of the CAA  also encourages energy conservation measures and use of renewable
energy as a long-term strategy for reducing air pollution and other adverse effects of energy production
and use.  Energy conservation is a cost-effective measure that increases the efficiency of the use of
electricity provided by an electric utility to its customers.  Renewable energy is defined as energy that is
derived from biomass, solar, geothermal or wind.


As an incentive, qualified electric utilities receive allowances for SO  emissions avoided2


through implementing energy conservation measures or by the use of renewable energy.  For example,
for each ton of SO  emissions avoided by an electric utility through the use of qualified energy2


conservation measures or qualified renewable energy, the utility will be allocated a single allowance. 
These allowances can be banked, traded, or used for other sources that require expensive emissions
control measures.  U.S. EPA will allocate up to 300,000 allowances for all utilities from the
Conservation and Renewable Energy Reserve.


2.2 Flue Gas Treatment for Sources Other Than Utility Boilers


With the exception of mercury, most metals have sufficiently low vapor pressures at typical
APCD operating temperatures that condensation onto PM is possible.  Mercury, on the other hand, has a
high vapor pressure at typical APCD operating temperatures, and collection by PM control devices is
highly variable.  Factors that enhance mercury control are low temperature in the APCD system (less
than 150 �Celsius [�C] [300 to 400 �Fahrenheit (�F)]), the presence of an effective mercury sorbent and
a method to collect the sorbent (Nebel and White, 1991).  In general, high levels of carbon in the fly ash
enhance mercury sorption onto PM.  The ash is then removed by the PM control device.  Additionally,
the presence of hydrogen chloride (HCl) in the flue gas stream can result in the formation of mercuric
chloride (HgCl ), which is readily adsorbed onto carbon-containing PM.  Conversely, sulfur dioxide2
(SO ) in flue gas can act as a reducing agent to convert oxidized mercury to elemental mercury, which is2
more difficult to collect (Schager, 1990).


Add-on controls to reduce mercury emissions, primarily from sources other than utility boilers,
are discussed in the sections below (controls specific to utility boilers are discussed in Section 2.3). 
These include:


� Carbon filter beds;
� Wet scrubbing;
� Depleted brine scrubbing;
� Treated activated carbon adsorption; 
� Selenium filters; and 
� Activated carbon injection.


Each of these control technologies is described, including information on commercial status,
performance, applicability to the specified mercury emission sources, and secondary impacts and
benefits.
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2.2.1 Carbon Filter Beds


2.2.1.1 Process Description


Carbon filter beds have been developed in Europe for use as a final cleaning stage to remove
heavy metals (e.g., mercury), organic pollutants (e.g., dioxins and furans) and acid gases (e.g., SO , HCl)2
(Hartenstein, 1993a).


Three filter designs have been used in Europe:  cross flow, counter current and counter-cross
flow.  The cross flow design has been applied to both utility boilers and waste combustors, the counter
current design to waste combustors and the counter-cross flow design to utility boilers (Hartenstein,
1993a).  Most of the information available on carbon filter beds pertains to the cross flow design. 
Therefore, this discussion focuses on cross flow design.


Figure 2-2 presents a basic diagram of the cross flow filters.  The flue gas flows horizontally
through the filter bed, while the adsorbent migrates through the filter from top to bottom.  The bed is
approximately 1 meter (m) (3 feet [ft]) thick and is divided into three layers.  The thickness of each layer
is approximately 100 to 150 millimeters (mm) (4 to 6 inches [in.]), 700 to 800 mm (28 to 31 in.), and 100
to 150 mm (4 to 6 in.), respectively.  The first layer removes PM, heavy metals (including mercury),
organic compounds and SO .  Removal of HCl occurs primarily in the second layer.  The third layer acts2
as a safety layer.  The three layers are separated by perforated metal sheets.  On the outlet side, there is a
slotted sheet designed to prevent particles from being carried out of the filter with the flue gas. 
Additionally, an impact separator is located downstream of the slotted sheet, functioning as a safety
barrier against particle emissions (Hartenstein, 1993a; Hartenstein et al., 1991).


Fresh carbon is conveyed to and distributed within the bed by a screw conveyor on the top of the
bed.  Discharge cylinders at the bottom of each layer allow extraction of carbon from each layer. 
Pressure drop is the primary parameter for determining the rate of carbon removal from the bed.  The
designed pressure drop across the bed is 150 to 190mm (6 to 7.5 in.) of water.  The pressure drop across
the whole system including fans and ducting is approximately 305 mm (12 in.) of water.  Because of dust
collection in and compaction of each layer, approximately 100 to 130 mm (4 to 5 in.) of material is
periodically sloughed from each layer.  Because of greater vibration of particles and, thus, greater
settling of the particles within the first layer, carbon is sloughed from this layer on the shortest time
interval, typically once every 6 to 8 hours.  The second layer is sloughed once per day, and the third layer
is sloughed once every 2 weeks.  Based on these removal rates and bed thicknesses, the mass of carbon
in the filter is fully replaced at an average rate of once per year.  For MWCs, this equates to
approximately 2 kilograms (kg) carbon/Mg (4 pounds [lb] carbon/ton) of MSW burned (Hartenstein,
1993a).


 Spent carbon can be disposed of by combustion if the unit is equipped with a wet scrubbing
system.  The combustion process destroys the organic compounds captured in the carbon, and the wet
scrubber collects the heavy metals and acid gases.  Another disposal option more applicable to U.S.
sources equipped with dry or semidry flue gas cleaning systems is to dispose of the carbon in a landfill. 
Because of the adsorbed pollutants, this waste may require disposal as a hazardous waste.  Another
option is to desorb the pollutants from the carbon.  A pilot-scale desorption project has been constructed
in Germany (Hartenstein et al., 1991; Hartenstein, 1990).


The size of a carbon filter bed is dependent on flue gas flow rate.  The size of an individual
carbon filter bed is limited by the height of the bed and the length of the screw conveyors and the
discharge cylinders.  To accommodate larger volumes of flue gas, a unit can include multiple beds, in 











      At 11 percent oxygen (O ), on a wet basis.1
2


      All concentrations in this report are corrected to 7 percent O  unless otherwise noted.2
2


      These totals are for the Steinmuller-Hugo Petersen cross flow filter.  All of the units are in Europe.  Additional3


units manufactured by other vendors may also be planned.
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which case each bed acts as a module within the filter.  Filters with flow rates between 5,400 and
270,000 dry standard cubic meters per hour (dscm/hr) (190,000 and 9,500,000 dry standard cubic feet per
hour [dscf/hr]),  containing one to eight modules, are in operation in Germany (Hartenstein, 1993a).1


2.2.1.2 Commercial Status and Performance


Carbon filter beds have been used on power plants in Germany since the late 1980s.  In 1994,
there were five full-scale applications of carbon filter beds on power plants in Germany.  The primary
purpose of these filters is to remove residual SO  downstream of flue gas desulfurization (FGD) systems2
to prevent formation of ammonium sulfate in low-dust selective catalytic reduction systems.  In one of
the applications, a second filter module with catalytically active coke is used with ammonia injection for
the catalytic reduction of nitrogen oxides (NO ) (Hartenstein, 1993a).  Although mercury control wasx
not the primary purpose for installing the carbon filter beds on the boilers, reduction of mercury is
inherent to the control system.  A mercury level of under 1 microgram (µg)/dscm has been guaranteed by
one vendor (Petersen, 1993).2


Application of carbon filter bed technology to MWCs in Europe was undertaken primarily for
the purpose of reducing emissions of residual organic compounds, in addition to reducing heavy metals
and acid gases.  Mercury emissions from a pilot-scale MWC application in Germany were below the
detection limits, corresponding to greater than 99 percent removal.  Organic compounds were also
removed by over 99 percent.  No data were available on acid gas removal (Hartenstein, 1993).  A full-
scale application on a German industrial hazardous waste incinerator was installed in 1991, and low
emissions of metals, organic compounds and acid gases were recorded (less than 1 µg/dscm [less than
0.44 grains (gr) per million dscf] for mercury, cadmium  and lead; less than 0.6 nanograms [ng]/dscm
[0.26 gr/billion dscf] for dioxins and furans; less than 1 ppm by volume (ppmv) for SO  and HCl).  Inlet2
measurements, which would help characterize the hazardous waste stream, were not made (Hartenstein,
1993b).  Without these measurements, the data cannot be used to directly assess the performance of the
carbon filter beds.  As noted, a mercury emission rate of under 1 µg/dscm has been quoted by a vendor
(Petersen, 1993).


Future European installations of carbon filter beds on waste combustors include 5 units for
hazardous waste incinerators and 11 for MWCs (Hartenstein, 1993a).3


2.2.1.3 Applicability


In Europe, carbon filter beds have been installed on waste incinerators and utility boilers. 
Carbon filter beds are also technically feasible applications to sources such as MWIs or smelters.  This
technology, however, has not been applied to these sources.  Carbon filter beds have not been put into
commercial practice in the U.S. for any of these source types.


2.2.1.4 Secondary Impacts and Benefits


In addition to mercury removal, carbon filter beds provide removal of residual organic
compounds, other heavy metals and acid gases.
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A potential negative impact associated with the carbon filter technology is disposing of the spent
carbon.  Options for disposal include burning the carbon or disposing of it in a hazardous waste landfill. 
Based on revolatilization data from ash samples collected during activated carbon injection testing,
mercury revolatilization from the ash is not expected (Kilgroe et al., 1993).  As a result, this potential
negative impact may not be significant.  Costs associated with hazardous waste disposal, however, must
be considered.


Another concern with this technology is the formation of "hot spots" in the bed that can result in
bed fires.  The cross flow filter is designed to evenly distribute the flue gas throughout the bed and to
constantly remove excessive heat from the bed.  To monitor hot spot formation, carbon monoxide
concentrations in the flue gas are monitored upstream and downstream of the coke bed, and grate
temperature measurements are taken.  Gas probes are used to pinpoint any hot spot that forms.  This
system gives operators sufficient time to evaluate and troubleshoot problems (Hartenstein, 1990).


Another possible negative impact associated with this technology, or any carbon technology, is
the potential release of mercury or other emissions during the coal-charring segment of the carbon
activation processes.  During the charring segment, when all volatiles are vaporized from the coal,
mercury in the coal will be released.  The level of mercury release is insignificant compared with the
amount of mercury removed from the flue gas when using carbon filter beds.  For example, if a mercury
concentration in coal of 1 ppm and a 35 percent yield of activated carbon from a unit of bituminous coal
is assumed (Rester, 1993), the mercury released during coal charring is less than 0.4 percent of the
mercury captured using carbon filter beds.  (Note that a 1 ppm level of mercury in coal is at least an
order of magnitude higher than found in raw coal in the U.S.  Thus, potential emissions would be
commensurately lower.)  Furthermore, the estimate of mercury emitted during charring assumes that all
the mercury is released to the atmosphere.  One activated carbon producer routes flue gas from the
charring and activation process to a combustion unit and then through a wet scrubber (Rester, 1993).  It
can be assumed in this case that some of the mercury resulting from the charring is captured and not
emitted to the atmosphere.


2.2.2 Use of Wet Scrubbers for Waste Combustors 


2.2.2.1 Process Description


Wet scrubbing (WS) systems can be used to control acid gases, metals, PM, and dioxins and
furans.  Depending on the intended purpose of the WS system, different designs are available and
include:


� Single-stage scrubbers designed primarily for control of acid gases;


� Two-stage scrubbers designed for control of acid gases and metals;


� Three-stage systems consisting of a two-stage scrubber followed by a high-efficiency
wet particulate control system designed for improved control of fine particulates, metals,
and dioxins and furans; and 
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� Single-stage scrubbers that are installed following other APCD’s and are designed for
increased pollutant control (often referred to as �polishing� scrubbers).


2.2.2.2 Commercial Status and Performance


WS systems for the purpose of enhanced mercury control and advanced two- and three-stage
WS systems have not been applied to MWCs or boilers in the United States, although they have been
applied to MWCs in Europe and to MWIs in the U.S.  Soluble species of mercury compounds, such as
HgC1  and mercuric oxide (HgO), can be effectively captured (greater than 90 percent) in the wet2


scrubber.  If there is significant elemental mercury in the flue gas, however, collection efficiencies will
be limited.  The captured mercury is precipitated out during wastewater treatment through the use of any
of several additives (e.g., sodium sulfide, trimercapto-s-triazine [TMT-15] and dithiocarbamate)
(Reimann, 1993).  Performance data available for three-stage systems on MWIs indicate mercury
removal efficiencies of over 90 percent.  Discussions with a vendor of WS systems indicated that a
polishing scrubber on an MWC could reduce mercury by over 90 percent (Nebel et al., 1994).


2.2.2.3 Applicability


WS systems can be applied on MWCs, MWIs, and boilers downstream of other acid gas and PM
controls.  As noted above, a factor determining effectiveness of this control is the amount of water-
soluble mercury in the flue gas stream.  Two-stage and three-stage wet scrubbers form the basis of the
final emission standards for existing MWIs (standards were promulgated August 15, 1997).  These
scrubbers appear to be highly effective at removing mercury from MWI flue gas.  The high chlorine
content in medical waste may result in high concentrations of HgCl , which is efficiently collected by a2


wet scrubber in this type of application.


2.2.2.4 Secondary Impacts and Benefits


The use of WS systems requires treatment of wastewater before its disposal. The wastewater
from WS systems on MWCs and MWIs generally contains more concentrated contaminants than other
wastewater streams from the combustion of more homogenous fuels, such as coal.  Even after standard
neutralization and purification of the wastewater, excessive metal chloride complexes (including
mercury) can remain.  The use of TMT-15 or other similar precipitants can reduce these contaminants
(Reimann, 1993).  The manufacturer of TMT-15 (Degussa Corp.) claims that TMT-15 can reduce
mercury levels in the wastewater to below 1 part per billion (Knivanek, 1993).


Zero water discharge is another alternative to handle the wastewater.  Under this option, the
scrubber water is evaporated using process heat, or in an upstream quench chamber or SD.  It is still
important to precipitate mercury out of the wastewater, so that revolatilization does not occur in the
quench chamber or SD (Knivanek, 1993).


Another concern regarding WS systems is dechlorination of dioxin and furan isomers.
Dechlorination raises concerns because the lesser-chlorinated dioxin and furan congeners are believed to
be more toxic.  Shifts in congener profiles have been observed at three wet-scrubber- equipped MWCs in
the United States (Lerna, 1992), along with two wet-scrubber-equipped MWCs in Europe (Vogg, 1990;
Marklund et al., 1993).  Based on test data from other European facilities, however, this shift does not
appear to occur in all WS systems (Jones, 1993).  It is theorized that a reagent can be added to the
scrubber water to control dioxin and furan shifts across all isomer classes (Krivanek, 1993).


2.2.3 Depleted Brine Scrubbing







      This depleted brine contains about 250 g (0.55 lb) per liter of NaCl and 0.6 to 0.9 g (0.001 to 0.002 lb) per liter4


of available chlorine.  The pH of the brine solution is typically 2 to 4.
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2.2.3.1 Process Description


Depleted brine scrubbing is a WS process used to further reduce mercury emissions from
mercury-cell chlor-alkali plants, specifically from the hydrogen and end-box ventilation gases.  This
scrubbing system is installed downstream of a primary and secondary cooling system, which includes a
knockout drum and mist eliminator (U.S. EPA, 1973).


The depleted brine scrubbing technique uses discharged brine  from the chlorine cell as a4


scrubbing liquor in a sieve plate tower or in a packed bed scrubber.  Upon contact with the brine
scrubbing solution, mercury vapor and mist form soluble mercury complexes.  The mercury is
subsequently recovered by electrolysis when the scrubbing solution is returned to the mercury
chlor-alkali cell.  Some systems are designed with an alkaline scrubber installed downstream of the brine
scrubber to remove entrained chlorine and acid gases (U.S. EPA, 1973).


2.2.3.2 Commercial Status and Performance


Based on compliance test results provided in a 1984 U.S. EPA report, a brine scrubber installed
to control mercury from the end-box stream of a chlorine plant with a 100 Mg/day (110-tons per day
[tpd]) production capacity had mercury emissions of 48 g/day (0.11 lb/day) and 16 g/day (0.04 lb/day)
during two tests (U.S. EPA, 1984).  A 1973 study reported mercury emissions from a depleted brine
scrubber followed by an alkaline scrubber to be 4.5 g/day (0.01 lb/day) for a 90-Mg/day (100-tpd)
chlorine production facility (U.S. EPA, 1973).  Without the alkaline scrubber, mercury emissions of
270 to 410 g/day (0.16 to 0.9 lb/day) were reported (U.S. EPA, 1973).  More current information was not
available.


2.2.3.3 Applicability


This technique is specific to chlor-alkali plants only.  It cannot be used for other mercury source
categories.


2.2.3.4 Secondary Impacts and Benefits


Very little information is available on this control technique.  No data on secondary impacts or
benefits from this system were identified.


2.2.4 Treated Activated Carbon Adsorption


2.2.4.1 Process Description


This mercury control technique uses a packed bed of sulfur- or iodine-impregnated carbon to
reduce emissions of elemental and oxidized mercury compounds.  This technique is similar in concept to
the carbon filter bed (section 2.2.1) but is smaller in scale and does not involve the continual addition and
sloughing of carbon.  This technique has been applied to the hydrogen and end-box streams of chlor-
alkali plants.  The carbon adsorption bed is typically placed after the primary and secondary cooling and
mist elimination systems, and removes about 90 percent of the mercury content of the stream.  The
remaining mercury vapor is adsorbed by the carbon and chemically reacts with sulfur or iodine to form
stable mercury compounds.  Reduction of mercury to levels of 5 to 10 µg/cubic meter (m ) (at actual O3 2
levels) was reported (U.S. EPA, 1973).  The treated activated carbon can adsorb from 10 to 20 percent of







      Oxygen levels not provided for flows or concentrations.5
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its weight in mercury before it requires replacement (U.S. EPA, 1973).  Several adsorber beds can be
placed in series (U.S. EPA, 1984).


2.2.4.2 Commercial Status and Performance


Carbon filter beds have had widespread use in the chlor-alkali industry.  Based on a 1984
mercury report (U.S. EPA, 1984), carbon bed systems were in use at 8 of the 20 chlor-alkali plants in
operation at that time.  Emissions of mercury reported for the seven plants equipped with the carbon beds
on their hydrogen streams ranged from 1 to 264 g/day (0.002 to 0.58 lb/day).  At the one plant with a
carbon bed on the end-box stream, mercury emissions ranged from 5 to 120 g/day (0.01 to 0.26 lb/day)
(U.S. EPA, 1984).  These results are from plants of different capacities; therefore, the results cannot be
compared directly.  Additionally, there may be differences between the cooling systems at the plants and
the designs of the carbon beds, which could affect emissions.  In general, carbon bed systems should
remove 90 percent of the mercury in the stream (U.S. EPA, 1973).


2.2.4.3 Applicability


This technology has been applied to hydrogen and end-box streams from chlor-alkali plants.  It
cannot be used for other mercury source categories.


2.2.4.4 Secondary Impacts and Benefits


Very little information is available on this control technique.  No data on secondary impacts or
benefits from this system for chlor-alkali plants were identified.


2.2.5 Selenium Filters


2.2.5.1 Process Description


Selenium filters have been developed to reduce elemental mercury emissions.  The filters
operate based on the affinity between mercury and metallic selenium.  The mercury-laden flue gas passes
through the filter, which is constructed of ceramic grains impregnated with metallic selenium.  The gas
pathway through the filter is tortuous, which increases the contact between the mercury and the
selenium, forming mercury selenite (HgSe) (Edlund, 1993a).  Standard filter sizes range from 535 to
53,500 standard cubic meters per hour (scm/hr) (18,900 to 1,890,000 standard cubic feet per hour
[scf/hr]).   For flows larger than 53,500 scm/hr (1,890,000 scf/hr), multiple filters in parallel can be used5


(Edlund, 1993b).


Selenium filters are effective on flue gas streams with inlet mercury concentrations of up to
9 milligrams (mg)/scm (3,900 gr/million scf).  At higher mercury concentrations, the lifetime of the filter
is short and an alternative control system, such as wet scrubbing, is recommended.  At very low mercury
concentrations, the removal efficiency decreases because of reduced mercury-selenium molecular
collisions (Edlund, 1993a).







      Oxygen levels not provided for concentrations.6


      Oxygen levels not provided for concentrations.7
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Based on vendor-provided information, a residence time of more than 2 seconds is
recommended to achieve a constant degree of removal.  Additionally, a flue gas temperature of less than
120 C (250 F) is recommended for maximum removal.  Up to about 120 C (250 F), the removalo o o o


efficiency remains fairly constant, but decreases at higher temperatures.  With an inlet mercury
concentration of less than 9 mg/scm (3,900 gr/million scf), a residence time of 4 seconds and a flue gas
temperature of 120 C (250 F), an outlet mercury concentration of less than 40 µg/scm (17 gr/milliono o


scf)  is claimed by the vendor (Edlund, 1993b).6


Parameters to be considered when applying selenium filters include the dust content of the flue
gas and the pressure drop through the filter.  A maximum dust content of 9 mg/scm (3,900 gr/million scf)
is recommended.   Higher levels of dust necessitate frequent washing of the filter.  The normal6


arrangement of the filter allows for a pressure drop of about 50 mm (2 in.) of water; however, it might be
possible to accommodate higher pressure drops through alternate designs (Edlund, 1993a).


Because the removal of mercury in the filter is based on the formation of HgSe, the selenium in
the filter is eventually exhausted.  The selenium filter is designed to convert approximately 50 kg of
mercury to HgSe per cubic meter of filter material (3 lb/cubic [ft ]) (Edlund, 1993a).  The combination3


of pressure drop, mercury content in the flue gas and the mechanical construction of the filter determine
the ultimate lifetime of the filter.  On average, the filter lifetime is 5 years, after which the filter element
is replaced (Edlund, 1993b).  Once the lifetime of the filter mass has expired, the HgSe mass is landfilled
(it is not combustible).  Mercury selenite is a very stable compound, and the filter vendor indicated that
laboratory leach tests showed negligible leaching, although no leaching data were provided.  Also it is
not clear whether mercury is recoverable through retorting (Edlund, 1993c).


2.2.5.2 Commercial Status and Performance


Selenium filters were first developed in Sweden in the 1970s for use on smelter flue gas streams,
upstream of sulfuric acid plants (Lindquist, 1992).  There is also one application on a crematory in
Sweden.  In total, there are four applications of selenium filters (Edlund, 1993c), all located in Sweden. 
Performance data were not available for any of the installations.  Vendor information, however, indicates
that mercury emissions less than 40 µg/scm (17 gr/million scf)  are achievable (Edlund, 1993b).  Since7


the application of selenium filters is limited and performance is based solely on vendor information, this
technology should be viewed as an indicator of what may be feasible.  This evaluation of this technology
is not intended to be definitive.


2.2.5.3 Applicability


While use of this technology has been demonstrated in Sweden for metal smelters and
crematories, it has not been demonstrated for a utility boiler.  Use of these filters on MWCs and MWIs
may also be technically feasible, although this application was not cited by the vendor. 
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2.2.5.4 Secondary Impacts and Benefits


A selenium filter consists of ceramic grains impregnated with metallic selenium.  More
information is needed about the possibility of selenium being emitted from the filter itself, particularly in
the presence of hydrogen fluoride.  Hydrogen fluoride gas from waste incineration could potentially
generate volatile selenium compounds such as selenium hexafluoride.  No data were located, however, to
confirm this hypothesis.


2.2.6 Activated Carbon Injection


2.2.6.1 Process Description


Activated carbon injection involves the injection of powdered activated carbon into flue gas
upstream of an APCD.  Activated carbon is a specialized form of carbon produced by pyrolyzing coal or
various hard, vegetative materials (e.g., wood) to remove volatile material.  The resulting char then
undergoes a steam or chemical activation process to produce an activated carbon that contains multiple
internal pores and has a very high specific surface area.  With this internal pore structure, the activated
carbon can adsorb a broad range of trace contaminants, including mercury.  After injection into the flue
gas and adsorption of mercury and other contaminants, the activated carbon is captured in the PM control
device.


The factors affecting the performance of activated carbon injection are the temperature of the
flue gas, the amount of activated carbon injected, the concentration and species of mercury in the flue
gas, the extent of contact between the carbon and mercury and the type of carbon used.  Flue gas
temperature, as noted above, is important because mercury is a vapor at temperatures above 150 to
200 C [300 to 400 F].  The flue gas temperature needs to be within, or preferably below, this range foro o


the mercury to adsorb onto the carbon.  The combustion device and the corresponding composition of the
flue gas will affect this temperature range.  In an MWC, where there is a substantial amount of HCl
resulting in the formation of HgCl , temperatures within and below the noted range have proven to be2
effective when injecting carbon (U.S. EPA, 1992b; Kilgroe et al., 1993; Richman et al., 1993).  Test data
from an MWC retrofitted with activated carbon injection indicate mercury removals greater than 95
percent (Ogden Martin, 1994).  Pilot testing on a coal-fired utility boiler indicated that a temperature
under 90 to 120 C (200 to 250 F) was necessary for effective mercury removal (Chang et al., 1993).o o


With activated carbon injection, efficient distribution of the carbon in the flue gas is also
important.  The amount of carbon needed to achieve a specific level of mercury removal will vary
depending on the fuel being burned, the amount of carbon inherent to the system and the type of PM
control device.  At a given carbon feed rate, a FF provides more mercury control than an electrostatic
precipitator (ESP) because of the additional mercury adsorption that occurs on the bags of the FF (due to
the increased gas contact time).  Mercury is predominately removed upstream of an ESP-equipped
facility where a nominal residence time of 1 second or less is available, limiting the capture.  In addition,
mercury is not effectively collected across the ESP further requiring substantially higher carbon feed
rates than the FF-equipped facilities.


With chemically impregnated activated carbon, the contaminant reacts with the chemical that is
bound to the carbon, and the carbon is removed by an APCD.  For instance, with sulfur-impregnated
carbon, mercury and the impregnated sulfur react to form mercury sulfide on the carbon.  One pilot-scale
study suggests that mercury removal efficiencies for sulfur- and iodide-impregnated carbons were 25 to
45 percent greater than those achieved with an equivalent amount of nonimpregnated carbon (Felsvang et
al., 1993).  Other studies however, have shown that the effectiveness of different carbons is dependent on
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the mercury species, and in some cases, activated carbon had better mercury removal than iodated carbon
(Miller, 1995; Krishnan, 1994).


2.2.6.2 Commercial Status and Performance


Activated carbon injection is being used commercially on MWC’s and MWI’s in Europe and the
U.S.  It has also been tested on several pilot-scale facilities and slipstreams from utility boilers (0.5 MWe


to 1.0 Mw ) while firing different coals.  The U.S. test programs have shown mercury removals of 50 toe


over 95 percent, depending on the carbon feed rate (U.S. EPA, 1992b; Kilgroe et al., 1993; Richman et
al., 1993; Chang et al., 1993; U.S. EPA, 1991c; U.S. EPA, 1992d).  Research is being done on activated
carbon injection at two pilot-scale utility boilers.  Tests on a full-size electric utility boiler are planned by
the Department of Energy/Federal Energy Technology Center and the Electric Power Research Institute.


2.2.6.3 Applicability


Activated carbon injection is applicable to MWCs, MWIs and utility boilers.  There are
considerable data describing the efficacy of activated carbon injection for controlling mercury emissions
from MWIs and MWCs.  These data have been previously published by U.S. EPA and are not discussed
in detail in this report.  The reader is encouraged to review the Background Information Documents for
MWIs and MWCs for activated carbon test results (U.S. EPA, 1989a; U.S. EPA, 1989b; U.S. EPA,
1994d; U.S. EPA, 1994e).  Activated carbon injection test results for utility boilers have not been
previously published by U.S. EPA.  To inform the reader, therefore, a detailed discussion of the
applicability of activated carbon injection to utility boilers is presented in Section 2.3.  Activated carbon
injection may also be technically feasible for smelters.  No information, however, is available on the use
of activated carbon injection for smelters.


2.2.6.4 Secondary Impacts and Benefits


In addition to removing mercury, injection of activated carbon will increase the removal of
chlorinated dioxins and furans and potentially other semivolatile organics.  Data from tests with activated
carbon injection on an MWC, equipped with an SD/ESP, show 95 to 98 percent reduction of dioxin and
furan emissions, versus a reduction of 78 to 80 percent without carbon injection (Richman et al., 1993). 
Similar dioxin and furan removal efficiencies were achieved during a test on an SD/FF-equipped MWI
(U.S. EPA, 1991c).


The addition of carbon to MWCs and MWIs has a minimal impact on the quantity of collected
PM requiring disposal.  By comparison, the injection of activated carbon into a utility flue gas stream
could have a significant impact on the quantity of PM requiring disposal.  For example, as described in
Appendix B, a 100 MW coal-fired boiler with an ESP could potentially inject almost 490 tons of
activated carbon per year.


Testing conducted on ash samples collected during carbon injection testing at a U.S. MWC
demonstrated the mercury collected on the carbon was stable at temperatures typical of landfills.  As a
result, there is a low potential for the mercury to be reemitted to the atmosphere (U.S. EPA, 1992b).


The issue of mercury released during the production of activated carbon, as discussed above, is
also applicable to activated carbon injection.  As with carbon filter beds, the amount of mercury released
during the charring is very small compared with the amount of mercury captured by the injected carbon. 
The amount of mercury released during charring is estimated to be less than 0.2 percent of the amount of
mercury captured in injected carbon.  This is slightly less than for carbon beds because a smaller quantity
of carbon is used in activated carbon injection.
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2.3 Flue Gas Treatment for Utility Boilers


This section discusses three types of flue gas treatment which have been evaluated to some
extent for their effectiveness in removing mercury from utility boiler flue gases.  The three technologies
are activated carbon injection, wet flue gas desulfurization (FGD), or wet scrubbers, and FGD spray
dryers.  The effectiveness of these technologies for mercury control vary widely depending on a number
of factors.  These factors are described in the sections that follow.  Current research into the improvment
of mercury capture efficiency of these, and other, approaches is described in section 2.4 below.


2.3.1 Activated Carbon Injection for Utility Boilers


The effectiveness of activated carbon injection in controlling mercury emissions from MWCs
has been demonstrated (U.S. EPA, 1989a; U.S. EPA, 1989b).  The application of activated carbon
injection to utility flue gas, however, cannot be directly scaled from the application at MWCs due to
differences in the amount and composition of flue gas at utility plants and MWCs.  At utility plants,
small concentrations of mercury are contained in a large volume of flue gas, and large amounts of
activated carbon are needed to provide adequate contact between the carbon particles and mercury.  The
differences in flue gas characteristics at MWCs and utility plants must be carefully examined before
considering any technology transfer assumptions.


The level of mercury control achieved in utility flue gas may depend upon flue gas
characteristics such as volume, temperature, fly ash, and chloride and mercury content.  These properties
are distinctly different from those in MWC flue gas.


As shown in Table 2-2, typical MWC flue gas is hotter than utility flue gas after leaving an air
preheater.  The air preheater cools the utility flue gas by transferring heat to the incoming combustion
air.  Moreover, the mercury concentration of the two gas streams differs significantly.  Mercury
concentrations in MWC flue gas streams may be up to several orders of magnitude greater than those
seen in utility flue gas streams.  Likewise, the chloride content of MWC flue gas may be from 1.4 to 400
times greater than the content seen in utility flue gas.  Finally, with regard to the volume of flue gas, a
utility boiler may have flow rates up to 30 times that of an MWC.


Because of differences in the amount and composition of flue gas at utility plants and MWCs,
pilot-scale studies of activated carbon injection were conducted on utility flue gas where the nominal
concentration of mercury is one part per billion and  may have a wide range of distribution between the
different forms of mercury.  Preliminary results from a limited number of pilot-scale tests on utility flue
gas are summarized in Figure 2-3 and presented in greater detail in Appendix A.  These data indicate that
the effectiveness of activated carbon injection varies with several factors.  The mercury removal
efficiency for fabric filter and activated carbon systems ranged from a low of 14 to 47 percent with a
median of 29 percent (107-121�C, low carbon injection) to a high of 95 to 99 percent with a median of
98 percent (88-107�C, high carbon injection).  When activated carbon injection was used ahead of a
spray dryer absorber, mercury removal efficiency ranged from 50 to 99 percent with a median of 60
percent when a fabric filter was used for particulate control, and from 75 to 91 percent with a median of
86 percent when an ESP was used for particulate control.
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Table 2-2
Comparison of Typical Uncontrolled Flue Gas Parameters at Utilities and MWCsa,b


Uncontrolled Flue Gas Coal-Fired Utility Oil-Fired
Parameters Boilers Utility Boilers MWCc,d d,e,f g,h


Temperature (�C) 121 - 177 121 - 177 177 - 299


Mercury Content (�g/dscm) 1 - 25 0.2 - 2 400 - 1,400i


Chloride Content (�g/dscm) 1,000 - 140,000 1,000 - 3,000 200,000 - 400,000


Flow Rate (dscm/min) 11,000 - 4,000,000 10,000 - 2,000,000 80,000 - 200,000j


Standard conditions are 0�C and 1 atmosphere.a


Moisture content in the MWC flue gas was assumed to be 13.2 percent.b


Radian Corporation, 1993a, UNDEERC, 1996, CONSOL INC, 1997.c


Heath, 1994.d


Radian Corporation, 1994.e


Radian Corporation, 1993b.f


Brown and Felsvang.g


Nebel and White, 1991.h


It is not known if oil-fired utility boilers release less mercury overall than coal-fired boilers because the mercury release duringi


oil refining is essentially unstudied.
Min = minutej


Recent results from a few pilot-scale studies under different flue gas conditions and APCD
configurations are also summarized in this section of the report.


2.3.1.1 Utility Flue Gas Factors Affecting Mercury Removal by Activated Carbon Injection


The level of mercury control achieved in utility flue gas depends on the temperatures upstream
and within the existing APCDs, residence time (e.g., extent of contact between the carbon and flue gas
mercury) upstream and within the APCDs, volume of flue gas, flue gas vapor and particulate phase
constituents (i.e., chlorine as HCl, nitrogen oxides, sulfur oxides, metal oxides on the surfaces of
particulate matter, fly ash composition, percent carbon in fly ash, etc.), their interactions with the various
types of carbon(s)/sorbent(s), and the mercury concentration and chemical species being formed.


Recent studies indicate mercury capture is mass transfer limited in utility flue gas streams and
can be enhanced or suppressed depending on the temperature, flue gas composition and residence time
within the flue gas.  The reasons for this limitation are the low concentrations of mercury present (one
ppb) in the relatively high volumes of flue gas (11,000 - 4,000,000 dscm/min).  There are higher
concentrations of competing species occupying the active sites of the carbon.  In addition, the flue gas
residence time upstream of an ESP is nominally one second or less with flue gas velocities in the range
of 50 to 60 ft/sec at 149 C (300 F).  Compounding the mass transfer limitations is the decrease in theo o


carbon reactivity and capacity at this nominal, but high temperature.  Particle size of the activated carbon
can also impact mercury mass transfer ( Vidic et al, 1996; Flora, et al, 1997; Korpiel, et al, 1997; Liu et
al, 1997; Rostam-Abadi et al, 1997; PSCO/ADA et al, 1997; Radian, et al, 1997; Carey et al, June and
August,  1997;  Waugh et al, August and December, 1997; PSCO/ADA Technologies, Inc., et al, 1997;
and Haythornthwaite et al, 1997).  These factors are reviewed below.
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Temperature.  Mercury is found predominantly in the vapor phase in utility flue gas (Clarke and
Sloss, 1992).  If the vapor-phase mercury were condensed onto PM, the PM could be removed with
existing particulate control devices.  Theoretically, cooler temperatures will increase mercury
condensation onto PM (Clarke and Sloss, 1992) and, subsequently, increase mercury removal with
existing PM control devices.


Earlier data provide some evidence for the temperature dependence of mercury removal in a
pilot-scale FF study.  The pilot study suggests that mercury removal efficiencies apparently increase as
the temperature of the flue gas decreases.  Specifically, as the flue gas temperature decreased from 107 to
99 to 96�C (225 to 210 to 205�F), the mercury removal efficiency percentages for a pilot-scale FF
correspondingly increased from 27 to 33 to 51 percent (Chang et al., 1993).


These studies indicate mercury removal efficiencies and the required amount of activated carbon
injection were apparently temperature dependent within a range of 88 to 121�C (190 to 250�F) in a pilot-
scale study on the effect of reducing mercury levels in utility flue gas through activated carbon injection
upstream of a FF (Chang et al., 1993).  At the lower temperatures within this range (88 to 96�C [190 to
205�F]), mercury concentrations were reduced by 97.7 percent with an activated carbon injection rate of
approximately 155 �g carbon/�g of inlet mercury, while at higher temperatures (110 to 121�C [230 to
250�F]) mercury concentrations were reduced by only 75 to 87 percent with an activated carbon
injection rate of approximately 3,500 �g carbon/�g of inlet mercury.


Recent data collected from some coal-fired facilities utilizing either pilot-scale FFs or ESPs
further indicate an apparent temperature dependence on mercury removal.  The FF and ESP pilot-scale
studies indicate an increase of mercury removal with the native fly ash without carbon injection.  Further
increases of mercury removal with carbon injection during lower temperature operation were also
indicated.  The studies without carbon injection showed measured elemental mercury removals across a
pilot-scale pulse-jet filter (air to cloth ratio of 4 ft/min) of 10 and 17% at 135 C (275 F) and 65% ato o


121 C (250 F); 67% at 93 C (200 F), across a pilot-scale reverse-gas baghouse of less than 20% for ano o o o


average temperature of 143 C (289 F) , and upstream of a pilot-scale ESP of mean average of 30% at 93o o


- 109 C (200 - 228 F) for the native fly ash (nominal <0.5% carbon in ash) from the combustion of ao o


PRB Belle Ayre coal (PSCO/ ADA Technologies, Inc.,et al, 1997, Sjostrum et al, 1997; and
Haythornthwaite 1997).


In contrast to the higher mercury removals at lower temperatures are data collected from a full-
scale utility boiler without carbon injection.  The testing was conducted on a 70 MW  unit firing ae


Powder River Basin coal from the Montana area in a Riley Stoker front-fired boiler.  The only APCD is a
reverse-gas baghouse for particulate control.  Mercury measurements were taken at the inlet and outlet of
the baghouse with triplicate samples being collected and analyzed for total mercury, including
speciation. Draft U.S. EPA Method 29 and the Bloom or MESA method were utilized simultaneously at
each location.  Both methods measured total inlet mercury concentrations (three data points for each
method) at the 6.4 and 6.5 �g/m  levels respectively, with approximately 60 percent of the total being3


measured as elemental mercury for each method.  The elemental mercury was essentially removed across
the baghouse due to the native fly ash (during the three test periods the percent carbon was 3.5, 2.9, and
2.9 with an average of 3.1 percent) with the outlet concentrations being 2.6 and 3.1 �g/m  of the ionic3


form as measured by the respective methods.  The removals indicted by the two methods were 60 and 52
percent of the total, respectively at average temperatures (three data points each) at the air heater outlet
of 189 C (372 F), baghouse inlet of 174 C (346 F), and baghouse outlet of 166 C (330 F). o o o o o o


Approximately 40 percent of the total mercury was indicated on the filter catch of the Method 29 train
[filter at 121 C + 8 C (250 F+ 15 F) which could capture the mercury as it comes in contact with theo o o o


filtered fly ash] and the hopper ash samples indicated a high level of mercury comparable to the
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removals.  The mercury capture during this testing was indicative of removals across the baghouse and
not in-flight capture upstream of the baghouse.  (Jackson et al, 1994)


 As indicated, the mercury removals of the native fly ash at these conditions are not typical of the
past and  more recent field characterizations and pilot-scale mercury technology investigations.  This
utility site is proposed to be further characterized in mid-1998 with the more precise Ontario Hydro
mercury speciation method.  In addition, in-flight capture of mercury will be investigated upstream of the
baghouse along with the baghouse removals (DOE/FETC et al, Phase II 1997).  Currently, laboratory
tests are being conducted on the fly ash under simulated flue gas conditions to provide some insight on
the factors influencing high elemental mercury capture at nominal flue gas temperatures of 149 Co


(300 F), (U.S. DOE/FETC R&D, 1997).   o


Typical removals of mercury by the fly ash for low-sulfur and medium- to high-sulfur
bituminous coals under the above conditions is approximately 10% or less and can be influenced by the
sampling method.  The fly ash is captured on a filter of the sampling train at 121 C (250 F which is lowero o


than the flue gas) before the chilled impinger based solutions being utilized for the collection of the
vapor phase mercury.  The passing of the flue gas through the captured fly ash on the filter can provide
false indications of in-flight capture of mercury.  As indicated, the removals of mercury assumed from
the fly ash in-flight can be inflated due to the sampling method, but still in most cases are below 10%
(Miller 1994 and 1995; EPRI, 1994; U.S. DOE Report, 1996; Laudal et al, 1996 and 11& 12, 1997;
Hargis et al, 1996; Redinger, et al, 1997; Holmes, et al, 1997; Waugh, et al, 1997; and Devito et al,
1997).


The pilot-scale activated carbon injection studies indicated that more mercury was removed and
less carbon was needed at lower flue gas temperatures or, in other words, the ideal use of activated
carbon may be at lower flue gas temperatures.  It may not be possible, however, to lower the flue gas
temperature at a given utility plant because utility plants typically operate with a stack gas temperature
between 121 and 177�C (250 to 351�F) upstream of any particulate control device to avoid acid
condensation and, consequently, equipment corrosion.  The stack gas temperature may be lowered below
96�C (205�F) and acid condensation may be avoided provided low-sulfur coals (less than about 1 weight
percent sulfur) are burned, but it may depend on whether the coal is a subbituminous or a bituminous
coal (McKenna and Turner, 1989; ABB et al,1996 & 1997; PSCO/ADA Technologies, Inc.,et al, 1996 &
1997, Sjostrum et al, 1997; and Haythornthwaite 1997; Radian et al, 1997; Carey et al, 1996 and 1997;
Radian et al, 1997; Hargrove et al, 1997;  Waugh et al, 1997).  If a utility burns low-sulfur coal and uses
an ESP for particulate control, however, the flue gas will probably require conditioning to reduce the
high resistivity of the fly ash because high resistivity makes the fly ash difficult to collect with an ESP,
but again, it is dependent on coal type.


Further research is needed to evaluate humidification in flue gas ducts while firing other low-
sulfur coals and most importantly medium- to high-sulfur coals in the furnace.  This is extremely
important for the approximately 65% of the utility industry utilizing an ESP as the only APCD. 
Subsequent sulfuric acid mist formed from the condensation of sulfur trioxide below the acid dew
point(s) can be extremely detrimental to ESP- and FF-equipped utilities, duct work, all downstream
equipment, compliance for opacity, and plume effects (i.e., visibility - blue plume).  In addition, it is
desirable for utilities to minimize the amount of sulfuric acid being emitted as these emissions must be
reported annually to the Toxics Release Inventory.


In some cases, lower temperatures do have an influence on the amount of mercury removed by
certain native fly ashes alone and in combination with activated carbon, but this not typical of the utility
population (e.g., majority of low- and medium-sulfur bituminous coals). The factors or mechanisms
influencing the ability of the small percentage of coals and subsequent fly ash to adsorb mercury and/or
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convert mercury from one form to another in-flight and across fabric filters need to be further
investigated in order to effectively capture the different forms mercury.  These mechanisms can be
associated with the type of activated carbon, fly ash components, the vapor phase chemical species of the
flue gas, and all the possible interactions, along with the control device being augmented to remove
mercury.  These factors are not fully understood at this time, but many research organizations are
performing fundamental and applied research studies to investigate and subsequently understand them. 


Based upon the preliminary pilot-scale studies conducted at temperatures below 121�C (250�F),
the least efficient and most costly use of carbon injection for mercury control is at higher temperatures
with greater injection rates.


Volume.  At utility plants, mercury control techniques must adequately treat the entire volume of
gas in order to remove relatively small concentrations of mercury (0.2 to 21 µg/dscm, at 7 percent O ). 2
High mass carbon-to-mercury ratios will be required due to a nominal one ppb of mercury being in
different forms and being in the high flue gas volumes with competing vapor phase compounds at many
orders of magnitude higher.  Currently, mercury mass transfer limitations are encountered regardless of
the type of coal, operating conditions, and APCD.


Mercury Speciation and Type of Activated Carbon.  With a few exceptions, the total mercury
concentration in coal is relatively constant across the U.S. (20 ppb to 120 ppb).  However, when the
different coals are fired in a combustor there is substantial variation in the concentrations of elemental
versus ionic mercury.  The percentage of Hg  is from near  zero percent to >70%.  The speciation then is0


very dependent on coal type.  The chemical species of mercury formed during the combustion process
and post-combustion conditions vary significantly from one plant to another.  While combustion
conditions vary, the subsequent fly ash, carbon in the ash, and vapor phase constituents may play a major
role in the percentage of the chemical species of mercury formed. Understanding the rate controlling
mechanisms (i.e. transport, equilibrium, and kinetics) will aid in predicting the species formed and
eventually to aid in optimizing existing APCDs for mercury removal.  Kinetics may play more of a role
on the form of mercury than anticipated.  Depending on the type of coal utilized, effective removal
maybe dependent on the species of mercury present in the flue gas.(Senior et al, June and November,
1997; and PSI et al, 1997)  For example, the ionic mercury form (i.e., Hg ) is water soluble and is less++


volatile than elemental mercury (i.e., Hg ).  Thus, reducing the temperature of the flue gas and wet0


scrubbing of the flue gas may result in increased ionic mercury removal.
 
  In the early 1990s EPRI and DOE initiated very extensive electric utility air toxics
characterization programs.  As part of these programs, speciated mercury emissions were attempted to be
measured from each plant.  Because there was no validated mercury speciation sampling method, U.S.
EPA Method 29 and the Bloom or Brooks Rand (to be referred to as the MESA) methods were used. The
results from these characterizations strongly suggested that U.S. EPA Method 29 does not properly
speciate mercury under certain conditions.  In addition, there were questions as to the ability of the
MESA method to speciate mercury in flue gas from coal combustion.  Results from the MESA sampling
method and unique analytical technique(s) are summarized in Table 2-3 for coal- and oil-fired utility flue
gas (Bloom et al., 1993).


As shown in Table 2-3, the distribution of ionic mercury, most likely HgCl  in coal-fired utility2


flue gas, ranged from 12 to 99 percent of the total mercury content and averaged 79 percent; the
distribution of elemental mercury in coal-fired utility flue gas ranged from 0.8 to 87.5 percent of the total
mercury content and averaged 21 percent.  Analysis of two samples of flue gas taken from oil-fired 
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Table 2-3
Mercury Speciation in 33 Samples of Coal-Fired and 3 Samples of Oil-Fired Utility Flue Gas


µg/Nm Percent3a


Totalb


(µg/Nm)3 ReferenceIonic Other Hg Species Elemental Total Ionic Elementalc d


COAL-FIRED BOILERS


5.17 0.29 1.6 7.06 77.34 22.66 e


4.24 0.41 0.59 5.24 88.74 11.26 e


2.96 0.41 0.31 3.68 91.57 8.42 e


2.84 0.56 0.15 3.55 95.77 4.23 e


8.7 --- 0.29 8.99 96.77 3.23 f


8.6 --- 0.2 8.8 97.73 2.27 f


10.8 --- 0.22 11 98.00 2.00 f


7.86 --- 0.06 7.92 99.24 0.76 f


7.7 --- 0.07 7.77 99.1 0.90 f


9.4 --- 0.1 9.5 98.95 1.05 f


7.7 --- 0.08 7.7 98.97 1.03 f


6.03 --- 1.94 7.97 75.66 24.34 g


6.46 --- 1.29 7.75 83.35 16.65 g


3.03 --- 1.52 4.55 66.59 33.41 g


5.36 --- 1.54 6.9 77.68 22.32 g


5.98 --- 2.54 8.52 70.19 29.81 g


3.5 --- 1.67 5.17 67.7 32.30 g


3.1 --- 1.72 4.82 64.32 35.68 g


2.99 --- 1.51 4.5 66.44 33.56 g


2.83 --- 0.88 3.71 76.28 23.72 g







Table 2-3 (continued)
Mercury Speciation in 33 Samples of Coal-Fired and 3 Samples of Oil-Fired Utility Flue Gas


µg/Nm Percent3a


Totalb


(µg/Nm)3 ReferenceIonic Other Hg Species Elemental Total Ionic Elementalc d
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3.33 --- 1.26 4.59 72.55 27.45 g


3.83 --- 1.52 5.35 71.59 28.41 g


2.2 --- 1.57 3.77 58.36 41.64 g


--- --- --- --- 12.5 87.5 h


7.37 0.0021 1.85 9.22 79.92 20.07 i


5.01h --- 1.26 6.28 79.90 20.10 j


5.72 1.39 <0.1 7.10 98.61 1.39 j


4.49 0.40 0.89 5.78 84.60 15.40 j


2.93 0.07 0.16 3.15 94.94 5.06 j


2.79 0.32 1.02 4.13 75.30 24.70 j


5.71 1.37 2.99 10.22 70.31 29.69 j


7.01 1.02 0.11 8.13 98.65 1.35 j


4.11 0.62 2.32 7.05 67.09 32.91 j


1.14 0.30 3.12 4.56 31.58 68.42 j


COAL-FIRED BOILER DATA RANGES


1.1 - 10.8 0.002 - 1.4 0.06 - 3.1 3.1 - 11 12 - 99 1.8 - 88 --







Table 2-3 (continued)
Mercury Speciation in 33 Samples of Coal-Fired and 3 Samples of Oil-Fired Utility Flue Gas


µg/Nm Percent3a


Totalb


(µg/Nm)3 ReferenceIonic Other Hg Species Elemental Total Ionic Elementalc d
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OIL-FIRED BOILERS


0.03 0.01 0.15 0.19 21.05 78.95 j


<0.02 0.01 <0.02 --- --- --- j


0.02 0.01 0.09 0.12 25.00 75.00


OIL-FIRED BOILER DATA RANGES


0.02 - 0.03 --- 0.02 - 0.15 0.12 - 0.19 23 77 ---


µg/Nm3 = micrograms per normal cubic meter (at 0C).a o


Value is a combination of ionic and other Hg species.b


For other Hg species, the references list this value as an organic mercury species.  According to Chang (1994), however, the organic mercury species values are invalid but could be added to the ionic speciesc


concentrations to give a total ionic mercury value.
The total ionic percentage represents the ionic and other Hg species concentrations.d


Chang et al., 1993.  Flue gas sampled at FF inlet.e


Noblett et al., 1993.  Flue gas sampled at wet scrubber inlet.f


Felsvang et al., 1993.  Flue gas sampled at inlet to pilot-scale spray dryer absorption (SDA)/ESP system.g


Felsvang et al., 1993.  Flue gas sampled at inlet to full- and pilot-scale SDA/FF system.h


Dismukes et al., 1993.i


Bloom et al., 1993.j
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boilers, however, suggests that mercury in oil-fired boiler flue gas is predominantly in the elemental
form (see Table 2-3).  The variability in the speciation of vapor-phase mercury in coal-fired flue gas may
explain the variation in mercury removal that is seen with existing control devices (DeVito et al., 1993).


Since that time a substantial amount of work has been done to develop sampling and analytical
methods for determining mercury speciation in flue gas from fossil fuel combustion.  In 1994 EPRI and
DOE contracted with the University of North Dakota Energy & Environmental Research Center
(UNDEERC) to complete a series of bench- and pilot-scale evaluations on mercury speciation
measurement methods. Concurrently, work was also being conducted by CONSOL, Inc., Radian
International, Advanced Technology Systems, and Babcock & Wilcox at the bench- and  pilot-scales,
along with full-scale coal-fired power plant studies and characterizations.


In the pilot-scale work conducted at EPRI’s ECTC by Radian International and the pilot-scale
work conducted by the UNDEERC for both EPRI and DOE, it was proven that U.S. EPA Method 29
does not properly speciate mercury under certain conditions (Hargrove et al, 1995; Laudal et al, 1996;
Stouffer et al, 1996; Khosah, et al, 1996; and Laudal et al, December, 1997).  Further studies at
UNDEERC indicated this finding is related to high SO  concentrations with the method overestimating2


the ionic mercury up to 50%.  Therefore, tests were conducted to evaluate a number of alternative
sampling methods.  Mercury speciation sampling methods that have been tested include the following:


 � U.S. EPA Method 29
 � Mercury Speciation Adsorption Method (Frontier Geosciences and Brooks Rand - the


Bloom method)
 � Ontario Hydro method (Ontario Hydro)
 � Tris-buffer method (Radian International)
 � U.S. EPA Draft Method 101B (Research Triangle Institute)


Bench- and  pilot-scale studies also showed that the MESA method did not speciate mercury
correctly when tested with coal-fired flue gas.  The method is greatly affected by an interaction between
SO  and NOx in the flue gas.  When SO  is present in concentrations >500 ppm and NOx >250 ppm the2 2


MESA method can overestimate the ionic mercury fraction up to 75%, (Laudal et al, 1996).  Based on
the exploratory pilot-scale tests, the Ontario Hydro method and U.S. EPA Draft Method 101B were
selected to be more formally evaluated using the protocol established in U.S. EPA Method 301. 
However, because there is no reference method to compare to U.S. EPA Method 301, the method only
provides the precision and bias associated with the sampling procedures.  To obtain the accuracy of the
speciated mercury measurement methods, it was necessary to do dynamic spiking of the flue gas stream.
Spiking was done first with elemental mercury then with HgCl .  Results showed that both the Ontario2


Hydro and U.S. EPA Draft Method 101B passed the U.S. EPA Method 301 criteria, however the Ontario
Hydro method showed much less variability than Method 101B.  Therefore, the Ontario Hydro method is
being recommended by DOE as the best method to speciate mercury in coal-fired systems.  The method
is being submitted to the American Society for Testing and Materials and U.S. EPA for approval.


Field tests comparing U.S. EPA Method 29 and/or the MESA method, with either or both the
Ontario Hydro method and the tris-buffer method have been completed during 1995 through 1997. 
Results showed that U.S. EPA Method 29 and the MESA method gave a high bias for the ionic form of
mercury compared to the Ontario Hydro and tris-buffer methods, which is in agreement with the Radian
International and UNDEERC pilot-scale studies.  DOE and EPRI are planning field studies and
characterizations on mercury speciation with the Ontario Hydro method.
  


The variability in the distribution of vapor-phase mercury species in coal-fired flue gas may
depend upon the chloride concentration in coal.  Using the analytical techniques developed by Bloom et
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al. (1993), it has been observed that higher concentrations of ionic mercury are obtained in utility flue
gas when the combusted coal has a high chloride concentration (0.1 to 0.3 weight percent) (Felsvang et
al., 1993; Noblett et al., 1993), but more data are needed to verify this association.  The distribution of
mercury species in coal-fired flue gas also appears to vary with the type of coal (e.g., bituminous,
subbituminous, or lignite) (Chang, 1994; Boyce, 1994; Laudal et al, 1996 and 1997; Redinger et al, 1996
and 1997; and  Devito et al, 1997).


 Low-sulfur bituminous coals and other subbituminous coals with low-sulfur content are very
different regarding the mercury distribution between the elemental and oxidized forms in the flue gas.
(Bloom et al, 1993; DeVito et al, 1993; EPRI, 1994; Prestbo et al, 1995; U.S. DOE Report, 1996; Laudal
et al, 1996 and 11 & 12, 1997; Pavlish et al, 1997; Hargrove et al 1997; Senior et al, June and November
1997; PSI, et al., 1997; and Devito et al, 1997)  The fly ash characteristics are extremely different and
some of the subbituminous coals produce fly ash that are more reactive and adsorb mercury at higher
rates than fly ash from the bituminous coals.  In addition, the bituminous coals convert the elemental
mercury at higher rates and levels as compared to the fly ash from subbituminous coals.  The adsorption
and/or conversion is impacted by temperature, but the composition of the fly ash and vapor phase
compounds also play a major role in these effects  (Miller 1994, and 1995; Laudal et al, 1996 and 11 &
12, 1997; Carey et al, 1996 and 1997; Radian International, et al, 1997; Senior, et al,  June and
November 1997; and Devito et al, 1997). 


Radian International conducted both laboratory and field studies to investigate catalytic
oxidation of vapor-phase elemental mercury in coal-fired utility flue gas streams.  Catalytic oxidation of
vapor-phase elemental mercury can potentially increase the total mercury removal in the two
technologies with the most potential for removing mercury from flue gas: wet scrubbing and sorbent
injection. To investigate this process, potential catalyst materials were tested using three different test
configurations. These configurations included laboratory fixed beds tests, pilot-scale fabric filter tests,
and sample filter tests using flue gas from a full-scale utility.


Oxidation of elemental mercury using catalyst materials was successfully demonstrated using
each of the test configurations mentioned above. In the laboratory fixed bed tests, the effect of
temperature and flue gas composition were investigated.  In general, oxidation of elemental mercury
decreased as the temperature increased.  Flue gas composition also appears to be important to oxidation,
with HCl and possibly NO  affecting oxidation.x


Based on the laboratory and pilot-scale tests, the most successful catalyst was a carbon-based
material. After injecting about 20 pounds of this material into a pilot-scale fabric filter, greater than 75%
of the inlet vapor-phase elemental mercury was oxidized across the fabric filter for 10 consecutive days. 
Similar results were obtained at a full-scale facility by measuring oxidation across a sample filter. These
results confirmed the ability of the carbon-based material to oxidize elemental mercury under different
flue gas conditions (with and without HCl and various levels of NO ). Other catalyst materials that werex 


identified and warrant further investigation, included several iron-based materials, a conventional SCR
catalyst, and some fly ash samples (Carey et al, 1996 and 1997; Radian International, et al, 1997).


The speciation of mercury is extremely important in planning control strategies, but it is still in
the early stages of investigation.  Preliminary laboratory- and field pilot-scale studies indicate the form
of mercury being removed is impacted by the type of carbon being injected.  Both physical and chemical
adsorption of the mercury can be achieved, but is dependent on the concentration and most importantly
the form of mercury (elemental or ionic/oxidized).  Limited studies have indicated simultaneous removal
of both forms of mercury with one activated carbon, but at very low levels. A further complication is
some activated and chemically impregnated activated carbon can, under certain conditions, convert the
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elemental mercury to an ionic form with either a net increase or decrease in mercury capture (Miller,
1994 and 1995; PSCO/ADA Technologies, Inc., 1997; and Radian et al, 1997).


Earlier studies with activated and chemically impregnated activated carbon utilized either U.S.
EPA Method 101A (only total mercury) and either U.S. EPA Method 29 or the MESA method (both for
speciated mercury as well as total) for the mercury measurements.  As indicated from the studies
conducted at the UNDEERC, these two speciated methods have overestimated the ionic form of mercury
up to 50% and 75% respectively.  The interactions of these carbons with the fly ash and vapor phase
species in the flue gas can dramatically increase or decrease mercury capture of the carbon, and
measuring the impacts are difficult and sometimes impossible to do.  In addition, controlled laboratory
studies were conducted with the injection of activated carbon(s) and elemental mercury or HgCl  in2


either nitrogen or simulated flue gas streams.  The results indicated different and varying levels of
mercury capture between the nitrogen and simulated flue gas streams.  Promising results from these tests,
in most cases, have not been repeated on actual flue gas streams of the pilot-scale and slipstream studies
at the various coal-fired facilities.


More recent tests have been conducted on flue gas streams containing primarily elemental
mercury that was often supplemented  with additional elemental mercury during testing.  The tests were
designed to investigate elemental mercury capture with commercially available activated carbons. 
Limited studies have been conducted on chemically impregnated carbons, but they are being considered
for future testing on both simulated and actual flue gas.


Several types of novel activated carbons for gas phase elemental mercury removal that have
orders of magnitude higher saturation capacities when compared to virgin activated carbons are also
available.  These activated carbons are typically impregnated with sulfur or iodine lending to the
enhanced capacity for mercury uptake due to the chemical reaction between the impregnated material
and elemental mercury.  However, many of the sorbents exhibited deteriorated performance at
temperatures typical of coal-fired power plant operations.  


Recently, researchers at the University of Pittsburgh developed a series of sulfur-impregnated
carbons that exhibited high elemental mercury uptake efficiency at 140 C (284 F) when compared too o


commercially available activated carbons.  Dynamic adsorption capacity of these carbons as high as
4000 µg Hg/g was measured using a fixed-bed absorber with an empty bed contact time of 0.011 second
and influent mercury concentration of 55 µg/m .  This capacity is almost three orders of magnitude3


greater than the capacity of virgin activated carbon and an order of magnitude greater than the capacity of
commercially available impregnated activated carbon.  The comparisons were conducted at identical
operating conditions using nitrogen as a carrier gas.


The increased performance is attributed to the impregnation of the carbon(s) with sulfur at
elevated temperatures of 400 - 600 C (752 - 1112 F).  This promoted a more uniform distribution of shorto o


linear chains of sulfur allotropes (S  and S ) on the carbon surface as opposed to having predominately S2 6 8


rings condensed in the macropore region of commercially available sulfur impregnated carbons.  In
addition, the sulfur impregnated carbons prepared at elevated temperatures exhibited significantly better
thermal stability since no sulfur loss was observed even after exposure at 400 C (752 F) (Vidic et al,o o


1996; Korpiel, et al, 1997; Flora, et al, 1997 and Liu et al, 1997).  


These impregnated activated carbons exhibited orders of magnitude higher dynamic capacity as
compared to virgin activated carbons.  However, the key question remains as to whether this capacity can
be utilized in a flue gas stream where residence times of one second or less are available for injection
upstream of the ESP- equipped facility.  These high capacity carbons may be limited to use on FF-
equipped facilities or control strategies employing devices for higher flue gas and carbon contact or
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residence times.  The costs associated with impregnated activated carbons may also limit their use to FF-
equipped facilities.  


Further investigation, development, and enhancement of activated carbons and chemically
impregnated carbons for mercury capture in flue gas from coal-fired facilities is needed.  The conditions
of the chemical impregnation may be critical and commercially available impregnated activated carbons
may not be highly effective in all the various flue gas produced from the combustion of coal.  New virgin
and chemically impregnated activated carbons may need to be developed for the highly variable and
complex flue gas streams encountered in the utility industry and the extreme mercury mass transfer
limitation(s).


The association between chloride content of the fuel and the concentration of ionic mercury in
the flue gas also may apply to fuel oil.  This association, however, has not been examined.


Studies of a pilot-scale wet FGD system treating coal-fired flue gas indicate that more than 90
percent of the ionic mercury was removed while hardly any of the elemental mercury was removed
(Noblett et al., 1993; Redinger et al,1996 and 1997; Carey et al, (2) 1996; Evans et al, 1996; and
Hargrove et al, 1995 and 1997).  Similarly, studies at a pilot-scale SDA/ESP system treating coal-fired
flue gas suggest that 95 percent of the ionic mercury and essentially none of the elemental mercury were
removed (Felsvang et al., 1993).  The effectiveness of activated carbon injection in recovering different
forms of mercury is still being studied.  Preliminary results are available from the studies described in
Section 2.3.1.2, Current Research on Activated Carbon Injection for Utilities. 


Flue Gas Composition.  The temperature, volume of the flue gas, and type of activated carbon
can have an impact on the form and subsequent capture of mercury in coal-fired produced flue gas
streams.  These factors are not independent of one another, but are synergistic with one another and are
very dependent on the composition of flue gas.  This includes both the vapor and particulate phases of
the flue gas.  As previously indicated, hydrogen chloride, sulfur and nitrogen oxides, oxygen, water, fly
ash and its composition, and even carbon monoxide in the flue gas can either impede or enhance the form
and subsequent capture of the mercury with fly ash and injected carbon.  There are other flue gas
constituents that could also impact mercury collection, but research is needed to determine what other
constituents do and why. 


A recent bench-scale study investigated the effects of SO  and HCl on the adsorption of2


elemental mercury and mercuric chloride (HgCl ) by a lignite-based activated carbon (Carey et al.,2


1997).  Equilibrium adsorption capacities were determined for fixed beds of the carbon at 275�F and
three flue gas compositions:  one containing 1600 ppm SO  and 50 ppm HCl (the baseline composition);2


a second containing no SO  and 50 ppm HCl; and a third containing 1600 ppm SO  and no HCl.  (All2 2


three compositions of flue gas had the same concentration of elemental mercury, mercuric chloride, CO ,2


water, and O ).  2


Figure 2-4 illustrates the effect of SO  and HCl on the equilibrium adsorption capacity of the2


lignite-based activated carbon for elemental mercury and mercuric chloride.  Removing SO  from the2


flue gas increased the equilibrium adsorption capacities for both kinds of mercury (compared to the
baseline capacities).  The increase was particularly notable for the adsorption of elemental mercury.  For
example, 
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Figure 2-4
Equilibrium Adsorption Capacity of Elemental Mercury


(Hg(0)) and Mercuric Chloride (HgC12) by
a Lignite-Based Activated Carbon
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after removing SO  from the flue gas, the equilibrium adsorption capacity for elemental mercury2


increased by a factor of about 5.5 compared to 3.5 for mercuric chloride.


Removing HCl from the flue gas did not affect the equilibrium adsorption capacity of the carbon
for mercuric chloride, however, it did prevent the carbon from adsorbing elemental mercury.  The latter
result suggests that HCl participates in the adsorption mechanism of elemental mercury when using a
lignite-based activated carbon and that the adsorption mechanism is not purely physical, i.e., interactions
between elemental mercury and HCl on the carbon surface may be important.  


The results from Figure 2-4 indicate that flue gas composition affects carbon performance.  With
no HCl in the gas, the carbon adsorption capacity for mercuric chloride was larger than that for elemental
mercury.  This result is opposite to that observed at baseline conditions where the carbon adsorption
capacity for elemental mercury was larger than that for mercuric chloride.  The results from Figure 2-4
also indicate that performing carbon adsorption tests under realistic operating conditions is important. 
Many bench-scale carbon tests in the past have been conducted using nitrogen as the carrier gas.  Tests
conducted in nitrogen could produce different results than tests conducted in simulated flue gas;
however, the effect of SO  and HCl on adsorption capacity could also be sorbent dependent.  Other2


carbons may not be affected by the presence of HCl and SO  if the mercury adsorption mechanism is2


different.


Further details on the effects of flue gas components, including the interactions with fly ash, can
be obtained from two references:  (Laudal et al, November, 1996 and December, 1997).  The flue gas and
mercury chemistries and their subsequent interactions need to be fully understood at the various flue gas
conditions encountered across the utility industry for effective low cost mercury strategies to be
universally realized.


2.3.1.2 Current Research on Activated Carbon Injection for Utilities


Previously, research was conducted on activated carbon injection at a facility with a pilot-scale
SDA/ESP system in Denmark (Felsvang et al, 1993); at a facility with both a pilot- and full-scale
SDA/FF system by Joy/Niro and Northern States Power (Felsvang et al, 1993); at a pilot-scale coal
combustor and FF by Miller et al., 1994 & 1995; and at a pilot-scale pulse-jet FF system at a utility
power plant by EPRI (Chang et al., 1993).  These results are presented in detail in  Appendix A. 
Preliminary results are available from the first three studies as described below.


In testing at the first facility, a pilot-scale SDA/ESP system in Denmark (Felsvang et al., 1993),
the flue gas contained from 66.6 to 83.4 percent ionic mercury, with an average of 75.2 percent ionic
mercury, and elemental mercury comprised the remainder of the total mercury concentration in the flue
gas.  Without activated carbon injection, the pilot-scale SDA/ESP system removed 96.8 percent of the
ionic mercury and essentially none of the elemental mercury from coal-fired flue gas or, in other words,
the system removed 72.5 percent of the total mercury.  During testing with activated carbon injection, the
flue gas contained from 58.4 to 77.7 percent ionic mercury, with an average of 69.5 percent ionic
mercury, and elemental mercury comprised the remainder of the total mercury concentration in the flue
gas.  Activated carbon injection ahead of the SDA/ESP system removed 46.4 percent of the elemental
mercury and 84.3 percent of the total mercury (Felsvang et al., 1993).


In testing by Joy/Niro and Northern States Power at the second facility that had a full- and pilot-
scale SDA/FF system, the flue gas contained 85 to 90 percent elemental mercury.  Without activated
carbon injection, the full- and pilot-scale SDA/FF systems removed 10 to 20 percent of the total mercury
from the coal-fired flue gas (Felsvang et al., 1993), and the low removal of total mercury may be
attributed to essentially complete removal of the ionic mercury and poor removal of the elemental
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mercury.  Activated carbon injection ahead of the pilot-scale SDA/FF system increased the removal of
total mercury to approximately 55 percent, and injection of iodide- and sulfur-impregnated activated
carbon increased the removal of total mercury to approximately 90 percent (Felsvang et al., 1993).  Thus,
the studies at this SDA/FF system suggest that sulfur- and iodide-impregnated carbons are needed for
total mercury removals of 90 percent, when elemental mercury is the predominant mercury species. 
Furthermore, the studies suggest that total mercury removal efficiencies are dependent upon mercury
speciation.


Finally, laboratory-scale tests at the University of North Dakota Energy & Environmental
Research Center (EERC) found that for some conditions iodine-impregnated carbon is much more
effective than lignite-based activated carbon in removing elemental mercury (Miller et al., 1994). 
Sorbent injection tests were conducted at flue gas temperatures ranging from 125 to 200�C (257 to
392�F).  Iodine-impregnated carbon had a high removal efficiency of elemental mercury (greater than 95
percent removal) across the entire range of temperatures for one subbituminous coal.  However, for a
second subbituminous coal the iodine-impregnated carbon appeared to convert the elemental mercury to
ionic mercury with little net total mercury removal.  A reason for the difference is not obvious, but may
be the result of differing concentrations of SO , HCl, NOx, HF, and possibly CO.  Lignite-based2


activated carbon removed approximately 50 percent of elemental mercury at 130�C, however, it’s
removal efficiency for elemental mercury dropped dramatically as temperature increased.  For both
carbons, the removal efficiency of oxidized mercury was highly temperature dependent.  At 125�C, the
iodine-impregnated carbon was somewhat effective at removing oxidized mercury, while it removed no
oxidized mercury at 175�C.  The lignite-activated carbon showed a similar trend (Miller et al, 1994 and
1995).


The most recent studies have utilized  American Norit Companies’ commercially available
Darco FGD activated carbon developed from a lignite coal.  This carbon has been extensively utilized
more than any other commercial activated carbon for the DOE and EPRI-funded mercury control studies
investigating sorbent injection. (Miller et al, 1994 and 1995; Chen et al, 1996; Hunt, 1996; ABB et al,
1997; Carey et al, July, 1996 and June, 1997; Radian International, et al., 1997; Sjostrum,  et al, 1997;
Haythornthwaite et al, 1997; PSCO/ADA, et al, 1997; Rostam-Abadi et al, 1997; Waugh et al, August
and December, 1997; and Brown, 1997.)  The activated carbon typically has a mass mean diameter of 15
microns, a BET surface area of 600 m /g  and a nominal equilibrium adsorption capacity of 500 µg Hg/g2


C.  These parameters have been repeated by many research institutions and are in agreement with Norits’
specifications (Carey et al, 1997; Radian international, et al., 1997; Haythornthwaite et al, 1997; Waugh
et al, 1997; and Rostam-Abadi et al, 1997).


The equilibrium adsorption capacity of the activated carbon is important for fabric filter systems. 
For flue gas residence times of less than one second, typical upstream conditions prior to the inlet of an
ESP, the equilibrium adsorption capacity of 500 µg Hg/g C may not be the most critical parameter. 
Reactivity may need to dominate, but can be suppressed at the nominal temperature of 149 C (300 F) ofo o


the flue gas upstream of utility ESPs.  Chemically impregnated carbons may increase the reactivity and
subsequent capture of mercury, but very few studies have indicated the effectiveness of chemically
impregnated carbons for in-flight capture of mercury (especially at one second or less residence time)
(Vidic, et al, 1996; Korpiel, et al, 1997; and Liu et al, 1997).  


The chemically impregnated carbons may be cost prohibited and may be better suited for high
mercury adsorption capacities corresponding to longer contact times (carbon and novel fluid beds or
fabric filters - reverse-gas and pulse-jet with the pulse-jet also being downstream of an existing ESP). 
Examples of this technology are EPRI’s COmpact Hybrid Particulate Collector (COHPAC) or
TOXICON (a pulse-jet baghouse operating at a high air-to-cloth ratio downstream of the primary
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particulate control device with sorbent injection upstream of the baghouse for air toxics or in these cases
mercury).


Recent studies further support the mercury mass transfer limitations since the removal of
mercury above 50% to the 90% level for in-flight capture and above 75% to the 90% for extended
contact times (>one half hour across a fabric filter) is dependent on near exponential increases in the
carbon injection or carbon to mercury ratios.  (Vidic et al, 1996; Flora, et al, 1997; PSCO/ADA et al,
1997; Carey et al, June and August, 1997; Korpiel, et al, 1997; Liu et al, 1997; Rostam-Abadi et al, 1997;
and Waugh et al, August and December, 1997).  The PSCO/ADA studies indicate a nominal 5000:1
carbon-(Norit or Darco FGD)to-mercury mass ratio at 106 C (222 F) upstream of an pilot-scale ESP witho o


a residence time ranging between 0.75 and 1.5 seconds to remove the mercury at a level of 48%.  This
48% includes 30% of the mercury being removed by the native fly ash.  Studies have indicated the fly
ash from this PRB coal (Comanche or Belle Arye coal from Wyoming) has a high equilibrium adsorption
capacity for mercury even at <0.5% carbon levels in the fly ash (Miller et al, 1994 and 1995; Laudal et
al, 1996 and 11 & 12, 1997; Haythornthwaite et al, 1997; and PSCO/ADA et al, 1997).  This mercury
removal in-flight is high compared to other PRB and subbituminous coals.  The overall mercury
adsorption can be higher than bituminous coals for the same amount of carbon in the fly ash.  The
adsorption capacity or reactivity for both ranks of coal does increase with a decrease in temperature, but
not at the same rate or level.  In addition, tests were conducted with the re-injection of the Commanche
fly ash upstream of the ESP configuration and indicated on average less than 10 percent mercury capture.


The pulse-jet pilot-scale FF tests at the PSCO facility also indicated a substantial increase in
carbon injection or mass carbon-to-mercury ratio from 76% mercury removal at a ratio of >20,300:1
(C/Hg) to >90% mercury removal at a ratio of >36,600:1.  Mercury concentrations were not constant at
these ratios with nearly 18% mercury reductions being attributed to residual fly ash on the bags.  These
tests were conducted as �clean� tests, that is, no fly ash was in the flue gas stream (the flue gas was
drawn downstream of the facility’s existing fabric filter).  During the testing with fly ash present,
different results were indicated.  The mercury removal �by the fly ash� was dramatically impacted by
temperature.  At temperatures between 93 C (200 F) and 121 C (250 F) mercury removals due to the flyo o o o


ash were at 66% while an increase to 135 C (275 F) indicated removals in the range of only 10% to 17%. o o


In addition to the fly ash removals, the amount of carbon needed at even small increases in temperature
was noticeable.  Carbon to mercury ratios of 3400:1 were needed for mercury removals of 74% at only
109 C (228 F) while ratios of >8700:1 were needed to remove mercury at 87% for a temperature ofo o


113 C (236 ).  The mercury concentrations were steady during these tests.  o o


These data were collected at the same contact times (carbon exposed to flue gas across the fabric
filter) and the QA/QC on the mercury sampling methods were indicative of the close mercury
concentrations for all the tests at the close, but different temperatures.  The adsorption of the mercury
appears to be mass transfer limited even at high residence or contact times.  In addition, the high mercury
removals include the 66% mercury removed by the fly ash (Sjostrum,  et al, 1997; Haythornthwaite et al,
1997; and PSCO/ADA et al, 1997).  If this type of fly ash was not present, the mass carbon-to-mercury
ratios could be much higher as indicated at the tests at the Public Service Electric and Gas Company’s
Hudson station (Waugh et al, August and December, 1997). 


These data indicate mercury removals at greater than 90%, but the mass of carbon-to-mercury
was still between 20,000:1 and 50,000:1 (116 C or 240 F) for a pulse-jet at an air-to-cloth ratio ofo o


approximately 12 ft/min (in this case EPRI’s COHPAC or TOXICON).  ESP pilot-scale tests indicated
mercury removals of 83% at 105 C (221 F) and a mercury removal of 35% at 133 C (272 F) at the sameo o o o


mass carbon-to-mercury ratio of 45,000:1.  Low-sulfur Eastern bituminous coal was fired at the utility
and the fly ash mercury removals across the range of temperatures was a nominal 15% (Waugh et al,
August and December, 1997). 
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Mercury mass transfer limitation(s) may be dominant under these most recent field pilot-scale
studies.  Small deviations in the temperature indicate an increase in carbon needed to maintain even low
levels of removal with fabric filters and most indicative, upstream of an ESP with or without flue gas
cooling.  Optimizing is not the issue at this time.  Research is needed and the high mass carbon-to-
mercury ratios may not be cost effective, based on the recent data on carbon injection for mercury
removal.  The data presented in 1993 by EPRI (Chang et al, 1993) were extremely innovative, but since
then many improvements have been made to aid in the collection and interpretation of the data.  The
methods to measure mercury were not at the level of todays standards and the fly ash, based on the recent
tests at the Comanche Station can account for close to 65% of the mercury removal.  Data have been
presented that the fly ash alone can remove >90% of the mercury across the Station’s existing reverse-
gas baghouse.  This is not typical of the majority of the fly ashes collected in the utility industry.  The
recent PSCO data is collected at the same facility as the 1993 data.  The mass carbon-to-mercury ratios
are higher than indicated in the 1993 work.


Mass carbon-to-mercury ratios of >100,000:1 maybe required at one second or less residence
time upstream of an ESP at 149 C (300 F) in order to achieve 90% mercury removal.  The scenarios foro o


the ESPs may require fabric filters downstream.  The fabric filter of choice would probably be a pulse-jet
filter operating at a high air-to-cloth ratio. 


A reverse gas fabric filter is an option in the cost of control models in Appendix B being utilized
downstream of an ESP for mercury capturing the injected carbon being used for mercury removal.  A
more compact pulse-jet filter could be utilized for mercury removal and this option would also be
effective for collecting the fine particulate escaping the upstream ESP (e.g., EPRI’s COHPAC or
TOXICON).  Further research is needed to verify this.  If the ESP is 98.5 to 99 % efficient (greater than
the 0.03 lb/MMbtu NSPS limit), then a considerable amount of particulate (less than 5 microns) will
accumulate or be collected with the injected activated carbon.  This is a benefit, but it could have an
impact on pressure drop and cleaning frequency of the pulse-jet.  This could limit the utilization of the
carbon for mercury capture and the increase of pressure drop would require additional fan power.  If the
size of the pulse-jet is at the levels requiring a higher air to cloth ratios between 6 and 8 ft/min or higher,
the pressure drop would increase in a shorter period of time requiring more frequent cleaning and
subsequently the mercury capture would decrease per unit mass of carbon injected due to less contact
time.  There are currently problems with pulse-jet filters as a polishing device while cleaning on line for
the fine particulate (reentrainment of the fine fly ash) since there is not an adequate dust cake formed. 
Humidification may help, but it has just been tested under this type of application (Waugh et al,
December 1997).  The reentrainment issue could further complicate the problem and demand additional
costs for taking the filter off-line.  A design could be provided to recirculate the under utilized carbon
and fly ash mixture, which would require an additional cost of handling of the solids and re-injection.  If
there is no recirculation of the carbon collected in the hoppers, then more carbon would be needed than
anticipated.  These concepts or designs  are in their infancy and data still needs to be collected and
carefully interpreted.


The Department of Energy Federal Energy Technology Center and the Electric Power Research
Institute are planning to conduct several pilot-scale field studies at different utility sites, with possible
full-scale demonstrations.  Before the use of activated carbon for mercury removal is cost effective in the
coal-fired electric utility, a large collaborative effort, the collection of the data and its interpretation from
all the fundamental, laboratory-, bench-, and pilot-scale being performed must be realized.


2.3.2 Flue Gas Desulfurization (FGD) Scrubbers


Wet FGD systems are currently installed on about 25% of the coal-fired utility generating
capacity in the U.S. (Redinger et al., 1997).  Although their primary function is to remove SO  emissions2
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from boiler flue gas, wet FGD systems can also be effective in removing mercury emissions from boiler
flue gas.  The mercury removal efficiencies of wet FGD systems can vary widely depending on the
mercury species in the incoming flue gas, the design and operation of the wet FGD system, and reactions
of mercury species in the scrubbing solution.


Mercury Speciation of Incoming Flue Gas.  The mercury removal efficiency of a wet FGD
system varies depending on the form or species of mercury vapor in the incoming flue gas.  Mercury in
flue gas is either associated with particulate matter or in the gas phase.  In the U.S., most commercial wet
FGD systems are used downstream of ESPs  (Redinger et al., 1997).  An ESP removes most of the
particulate-bound mercury from the boiler flue gas before it reaches the wet FGD system; thus, most of
the mercury that enters a wet FGD system is in the gas/vapor phase.  The vapor phase mercury in boiler
flue gas is generally present as elemental mercury (Hg ) or oxidized mercury (HgCl ) (Redinger et al.,0


2


1997).  The proportion of elemental mercury to oxidized mercury in the flue gas is influenced by a
number of factors such as the type of coal fired in the boiler, fly ash composition, flue gas temperature,
and the presence of other compounds in the flue gas such as HCl, SO , and NOx.  Because oxidized2


mercury is much more soluble in the aqueous solution present in a wet FGD system than elemental
mercury, it is more likely to be removed from the flue gas.


Recent studies indicate fly ash and its subsequent interaction(s) with the vapor phase compounds
in the post-combustion zone can influence a higher proportion of oxidized mercury as compared the
elemental mercury (Carey et al., 1996 and 1997; Hargrove et al., 1997; Laudal et al., 1996 and 11/97
&12/97; and Senior et al., 6/97 & 11/97).  The fly ash from the combustion of certain Northern
Appalachian bituminous coals can have a significant impact, resulting in high levels of the oxidized form
of mercury entering the wet FGD systems. A high conversion (>75%) of spiked elemental mercury into a
particle laden flue gas upstream of highly efficient pilot-scale pulse-jet FFs was observed at two coal-
fired facilities.  The conversion was measured with the Tris-Buffer and Ontario Hydro speciation
measurement methods.  There was no apparent conversion of the spiked elemental mercury measured in
the particle free flue gas at the outlet of the pulse-jet FFs (the FFs particulate control efficiencies were
measured at 99.99%) by the Tris-Buffer and Ontario Hydro methods. 


The coals fired during the separate tests were both N. Appalachian coals (Pittsburgh
Seam/Blacksville and a blend of Ohio No. 5 and No. 6) that provide a high percentage of natural
occurring oxidized mercury.  Bench-scale tests conducted by Radian International and UNDEERC have
indicated that the fly ash from the combustion of Blacksville coal has the ability to convert elemental
mercury to an oxidized form.  The exact vapor phase compounds and subsequent mechanisms
responsible for the conversion are being investigated with this and other fly ashes.  The conversion is less
pronounced or not indicated with PRB and other subbituminous coal fly ashes (Carey et al., 1996 and
1997; Hargrove et al., 1997; Laudal et al., 1996 and 11/97 &12/97; and Senior et al., 6/97 & 11/97).


EPRI has reported pilot-scale experience showing significant capture of oxidized mercury in an
ESP/wet FGD system (Chow and Owens, 1994).  Approximately 60 percent of the total 10 µg/m  of3


mercury in the flue gas was in the oxidized form.  The ESP/wet FGD system captured all of the oxidized
mercury while allowing the elemental mercury to pass through the scrubber.


Radian conducted a series of pilot scale tests that showed significant capture of oxidized mercury
by a wet FGD system (Noblett, 1993).  In these tests, more than 95 percent of the mercury in the inlet
flue gas to the scrubber was in the oxidized form.  The scrubber system removed over 90 percent of the
oxidized mercury from the flue gas while removing little elemental mercury.


FGD pilot testing by Babcock & Wilcox (B&W) with three Eastern bituminous coals has
demonstrated a range of total mercury emissions reductions across the scrubber with the scrubber
operating at constant conditions (Redinger et al., 1997).  With a baghouse/FGD emissions control
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configuration, total FGD system mercury emissions control ranged from 88% to 92% for the three coals. 
For the same coals, with an ESP/FGD system configuration, mercury emissions reduction across the FGD
ranged from 23% to 80%.


Coal Type.  EPRI has published data which show distinct differences between the forms of
mercury in the vapor phase and the distribution of mercury between the particulate and vapor phases for
bituminous and sub-bituminous coals (Chang, 1994).  In general, a higher level of elemental mercury was
observed for sub-bituminous coal versus bituminous coal at typical wet FGD system inlet temperatures. 
The EPRI data indicated that at 300 F, 68 percent of the total vapor phase mercury was present aso


elemental mercury for the sub-bituminous coal compared to 6 percent as elemental mercury for the
bituminous coal.  This difference in mercury speciation suggests that a wet FGD system will have a low
mercury removal efficiency if it treats flue gas from a boiler that fires sub-bituminous coal and a high
mercury removal efficiency if it treats flue gas from a boiler that fires bituminous coal.


Design and Operation of the Wet FGD System.  The liquid-to-gas (L/G) ratio of a wet FGD
system impacts the removal efficiency of oxidized mercury.  The L/G ratio of a wet limestone FGD
system is dictated by the desired removal efficiency of SO .  In general, high efficiency (95 percent SO2 2


removal) systems are designed with L/G ratios of 120 gal/1000 acf to 150 gal/1000 acf.  In an EPRI pilot
study, increasing the L/G ratio from 45 gal/1000 acf to 133 gal/1000 acf increased the removal efficiency
of oxidized mercury from 90 percent to 99 percent  (EPRI, 1994).  In another pilot study by B&W,
increasing the L/G ratio from 37 gal/1000 acf to 121 gal/1000 acf increased the removal efficiency of
oxidized mercury from 91 to 98 percent; increasing the L/G ratio did not affect the removal efficiency of
elemental mercury, which was close to zero percent (Redinger et al., 1997).


Configuration of the Wet FGD System.  Most of the existing US wet FGD systems have open
spray tower or tray tower designs (Redinger et al., 1997).  Recent research has shown that tray tower
designs are more effective in removing oxidized mercury from boiler flue gas than open spray tower
designs at the same operating conditions.  In one study where the composition of the flue gas was mostly
oxidized mercury, total mercury removal efficiencies from a wet FGD system with a tray tower design
ranged from 85 to 95 percent, whereas total mercury removal efficiencies from a wet FGD system with
an open spray tower design ranged from 70 to 85 percent (removal efficiencies for both systems
increased as their L/G ratios increased from 39 to 122 gal/1000 acf) (Redinger et al., 1997).


Measurement Limitations and Reduction of Oxidized Mercury.  A high proportion of oxidized
mercury in the inlet flue gas to a wet FGD system does not guarantee that the scrubber will have a high
total mercury removal efficiency.  Evidence exists that elemental mercury can be generated in a wet FGD
system by reduction of a portion of the oxidized mercury absorbed in the scrubbing solution.  Radian
evaluated mercury removal across a wet FGD system, in which 67 to 95 percent of the inlet mercury to
the scrubber was present in the oxidized form (Hargrove, 1994).  Despite these relatively high levels of
oxidized mercury, the average removal efficiency of total mercury from the scrubber was only 50
percent.  Radian noted possible generation of elemental mercury across the scrubber.  Recent tests by
B&W using the Ontario Hydro method have also noted higher concentrations of elemental mercury in the
outlet of a wet FGD system compared to the inlet concentrations of elemental mercury.  Pilot-scale
testing using the Ontario Hydro method to measure mercury upstream and downstream of the scrubber
has demonstrated the conversion of oxidized mercury species at the scrubber inlet to elemental mercury
across the scrubber can be minimized by control of the dissolved species in the scrubbing system slurry
(Redinger et al., 1997).


Previous field studies conducted by EPRI and DOE did indicate higher levels of elemental
mercury (Hg ) at the outlet of wet FGD scrubbers relative to the inlet.  In addition, the removals indicatedo


higher than 95 percent of the reported oxidized mercury at the inlet.  These measurements were reported
from separate U.S. EPA Draft Method 29 (M29) samples and in combination with the MESA Method







2-49


samples.  Two questions were raised:  “Was the U.S. EPA M29 capable of accurately measuring the
oxidized form of mercury?” or “Was the oxidized form of mercury being captured in the wet FGD
scrubber solutions  being released as an “alternate” form not capable of being collected in the appropriate
impinger solutions?”   


Innovative pilot-scale studies were conducted by Radian International at the EPRI ECTC to
address these two questions.  Extensive flue gas and intra-train mercury spiking tests were conducted to
investigate the acidified peroxide solutions of  M29 (solutions for collecting the oxidized form of
mercury).  The first series of tests had Hg  and HgCl  injected separately into the flue gas stream at theo


2


inlet of the wet FGD.  Results indicated 96 percent of the HgCl  (naturally occurring and spiked) was2


collected across the wet FGD and the increase in Hg  across the FGD was from 0.66 to 0.96 µg/m .  Theo 3


results for the Hg  spiking indicated 37% of spike was measured in the acidified peroxide solutions ando


the total Hg removal was only 29%.  These results indicated the injected HgCl  was being effectively2


collected in the scrubber solutions and not being reduced and subsequently re-emitted as Hg .  Ino


addition,  M29 was not effective in speciating the mercury at the inlet of this wet FGD system when Hgo


was spiked.


The intra train-spiking of either forms of mercury into the flue gas further indicated the inability
of M29 to accurately measure the distribution of the speciated and elemental mercury in the flue gas at
typical conditions upstream of a wet FGD.  Radian conducted all of these initial tests in 1994 and
repeated them in 1995, which are summarized in an EPRI and DOE report (Laudal et al, 1996).


Studies at the UNDEERC have duplicated the results of Radian.  Recent studies at the
UNDEERC indicated an overestimation of the oxidized mercury of up to 50 percent for M29 and up to
70 percent for the MESA method.  The UNDEERC work has indicated the conditions at the inlet of wet
FGD systems (e.g., high SO  concentrations and moderate to high concentrations of NO ) have an impact2 x


on the overestimation of the oxidized form of mercury - SO  for the U.S. EPA M29 and the combination2


of SO  and NO  for the MESA.  These findings are also detailed in the EPRI and DOE report (Laudal et2 x


al, 1996).


After two years of evaluating and developing mercury speciation measurement methods, the
UNDEERC has identified the Ontario Hydro Method as one of the most promising mercury speciation
measurement methods.  To obtain the accuracy of the speciated mercury measurement method, it was
necessary to perform an U.S. EPA Method 301 validation procedures with dynamic spiking of mercury in
the flue gas stream.  Spiking was done first with elemental mercury then with HgCl .  Results showed the2


Ontario Hydro method passed the U.S. EPA Method 301 criteria and was able to collect the form(s) of
mercury correctly from the flue gas.  The testing was conducted at the same and  higher levels of SO  in2
the flue gas as compared to the previous validation studies for M29.  The Ontario Hydro method was not
impacted by the SO concentrations as indicated for  M29 and the MESA method.  The Ontario Hydro
method is being recommended as the best method to measure mercury speciation in coal-fired systems. 
The method is being submitted to the American Society for Testing and Materials (ASTM)  and U.S.
EPA for approval (Laudal et al, December, 1997).


The recent pilot-scale speciation measurement evaluation/development studies and field results
with the promising methods indicate less of an increase in the apparent re-emission of the captured
oxidized mercury.  Under certain conditions there has been an increase of the outlet elemental mercury as
compared to the inlet of a wet FGD system (possible re-emission of the captured oxidized mercury) while
utilizing the Ontario Hydro method (Redinger et al, 1997).  Further testing at the McDermott facility will
be conducted to determine at what wet FGD conditions the possible re-emission occurs.
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2.3.3 Spray Dryer FGD Systems


In 1990, spray dryer FGD systems were installed on approximately one percent of coal-fired
units in the US (UDI, 1992).  The primary function of spray dryer FGD systems is to remove SO2


emissions from boiler flue gas, however, they can also be effective in removing mercury emissions from
boiler flue gas.


The effectiveness of a spray dryer FGD system to remove mercury emissions from boiler flue gas
depends on the form or species of mercury vapor present in the incoming flue gas.  In one study, the
removal efficiencies of SO  and total mercury from a spray dryer FGD system were 82 percent and 632


percent respectively; oxidized mercury represented 73 percent of the total mercury at the scrubber inlet. 
In another study, the removal efficiencies of SO  and total mercury from a spray dryer FGD system were2


68 percent and 64 percent respectively; oxidized mercury represented 68 percent of the total mercury at
the scrubber inlet (Redinger et al., 1997).  


2.4 Research and Emerging Technologies for Controlling Mercury Emissions from Utilities


Considerable research continues to develop efficient and cost-effective technologies for mercury
emission reductions from utility plants. This section describes ongoing research and summarizes the
results to date.  Much of the research is being sponsored by three organizations: U.S. EPA, DOE and
EPRI.  Table 2-4 lists the areas of research currently being funded by these groups. 


Eleven Phase I mercury control projects have been completed as part of DOE’s Advanced
Emissions Control Technology “MegaPRDA Program.”  These Phase I efforts began in October 1995
and encompassed two years of laboratory and bench scale testing and evaluation of several approaches
for controlling the emission of mercury from coal-fired utility boilers.  The approaches included those
listed in Table 2-4.  DOE has selected six  Phase II proposals (two to three year efforts) to further
investigate and develop fine particulate and mercury control technologies and concepts.  Given the
relative low maturity level of these technologies, commercial deployment is still at least several years
away, and will be strongly dependent on the results of the Phase II efforts.


Research continues on developing potential technologies for mercury emission reduction from
utility plants.  This research is aimed at either the addition of some type of sorbent technology to adsorb
the mercury, improving the mercury capture effectiveness of existing pollution control technology, or
using new technology for mercury control.  Before any of the technologies are fully realized for utility
application, the fundamental mechanisms of the flue gas and mercury chemistries during the combustion
and post-combustion conditions, along with the various interactions with the different types of fly ash
must be understood (Brown, T.D., 1997).
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Table 2-4
Current Mercury Control Research for Utility Boilers


Sponsor Research Area


U.S. Environmental Protection Agency Mercury speciation/High temperature control


Fundamental reactions/Low temperature control


Combined SO /Mercury control2


U.S. Department of Energy Fundamental and bench-scale investigation of
adsorption and conversion of mercury by fly ash


Fundamental studies & model development to
predict mercury speciation, partitioning, and fate
in coal-based power systems


Fundamental and bench-scale studies on
enhanced sorbents for mercury adsorption


Pilot-scale field studies on sorbent injection for
conventional APCDs


Enhanced removal of oxidized and elemental
mercury in wet FGD systems


Capture of total mercury with regenerable
sorbents


Coal cleaning (physical, biological, mild
chemical)


Electric Power Research Institute Bench-scale:  adsorption of mercury onto fly ash 


Fundamental studies & model development to
predict mercury speciation, partitioning, and fate
in coal-based power systems


Field scale: pilot tests (two sites) of sorbent
injection with ESP’s and fabric filters


Bench scale studies of mass transfer


Wet scrubber controls for mercury


Absorption of mercury in aqueous solution
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Research at the fundamental level is being conducted by Physical Sciences, Inc., to determine the
mechanisms involved with both gas-phase mercury transformations and the gas-solid interactions.


Attempts have been made to use thermochemical equilibrium calculations to predict the mercury
species in coal combustion flue gas by using equilibrium calculations (see, for example, the review by
Galbreath and Zygarlicke, 1996).  The results of equilibrium calculations for mercury speciation in flue
gas as a function of temperature can be summarized briefly.  Above about 975 K (700 C) 99% of the Hgo 


is predicted to exist as gaseous Hg.  The rest (1%) is predicted to be gaseous HgO.  Below 725 K (450o


C) all the Hg is predicted to exist as HgCl .  Between 725 and 975 K, the split between HgCl  and Hg is2 2


determined by the chlorine content of the coal (via the HCl content of the gas).  HCl concentrations in
flue gas from U.S. coals are typically in the range of 1 to 100 ppm.  Even at these low concentrations, the
reaction between Hg and HCl dominates the equilibrium chemistry.  At temperatures representative of
the inlet to the APCD, therefore, all the mercury should exist in the gas phase as HgCl , if equilibrium2(g)


is attained in the flue gas.


However, there are strong arguments against the existence of chemical equilibrium in the flue gas
of a coal-fired power plant.  The flue gas cools rapidly as heat is transferred to water and steam; typical
cooling rates are on the order of 500 K/s.  Minor species in the flue gas such as CO and SO  do not have2


time to equilibrate as the gas cools.  For example, the oxidation of SO  to SO  in coal combustion flue2 3


gas does not proceed at a fast rate below about 1500 K (Flagan and Seinfeld, 1988) and thus the SO3


concentration is effectively frozen below this temperature in the flue gas.  Similarly for trace species,
present in ppm or ppb amounts, equilibrium may not be attained as the flue gas cools.  Recent kinetic
calculations also indicate that the conversion of another trace species, HCl,  to Cl  is frozen as the flue2


gas cools (Senior, et al., 1997). 
 


The evidence from pilot-scale and full-scale combustion systems is not consistent with the
assumption of equilibrium for mercury species in flue gas at the temperatures corresponding to the
location of the air pollution control devices (APCD).  At the inlet to the APCD, measurements in large
scale combustion systems indicate that only about 75% of  the gas-phase mercury is found as Hg+2


(Prestbo and Bloom, 1990; Fahlke and Bursik, 1995; Meij, 1994).  The range of observed values is
broad:  one study consisting of mercury speciation measurements from fourteen different coal
combustion systems reported anywhere from 30% Hg  to 95% Hg  upstream of the APCD (Prestbo and+2 +2


Bloom, 1990).  There is some evidence from laboratory and pilot data that the kinetics of Hg oxidation
are slow at low temperatures.  Based on pilot data, the addition of HCl at temperatures below 450�K
(180  C) did not increase the amount of HgCl  in coal combustion flue gas, indicating no reaction at thoseo


2


temperatures (Galbreath and Zygarlicke, 1996).  In laboratory experiments (Nordin et al., 1990)  using
simulated flue gas (in the presence of activated carbon), equilibrium was not attained for Hg at
temperatures below 473 K (200 C).o 


The assumption of gas-phase equilibrium for mercury-containing species in coal-fired power
plant exhaust is not valid.  Preliminary evidence suggests that the oxidation of elemental mercury to
mercury chloride in the gas is frozen when the gas cools below 750-900�K.  Kinetic calculations on the
formation of Cl , which is highly reactive with elemental mercury, indicate that the conversion of HCl to2


Cl  does not attain equilibrium given the time temperature-history in a power plant which lends support2


to the conclusion of frozen equilibrium for mercury oxidation.


Understanding gas-phase speciation of mercury in coal fired power plant flue gas is not sufficient
to describe the transformations of mercury in the combustion system.  In order to understand the capture
of mercury in APCDs and the effectiveness of sorbents for mercury capture, better understanding of the
gas-to-particle conversion is also needed, particularly the relationship between fly ash  properties and
oxidation and/or adsorption of mercury.
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Two key questions can be posed:  first, what is the process by which fly ash (and certain other
solids) seem to catalyze the transformation of gaseous elemental mercury to oxidized forms; second,
what are the mercury species adsorbed on fly ash?  Answering both these questions will require a
detailed look at the constituents of the fly ash and how they interact with mercury at temperatures
characteristic of the flue gas (400-600�K) as it enters the APCD.


Gas-phase oxidized mercury is readily captured by activated carbon, while elemental mercury
has a much lower affinity for carbon.  The surface of the carbon is crucial to mercury sorption; adding
sulfur or iodine can dramatically increase the capacity of activated carbon for elemental mercury 
(Dunham and Miller, 1996; Krishnan et al., 1994; Vidic and McLaughlin, 1996).  Residual carbon from
coal combustion is not the same as activated carbon.  The pore structure, surface properties, and
inorganic content may be strikingly different.  Nonetheless, coal char does have some capacity for
adsorbing mercury.  Based on the recent experimental work (Senior et al., 1997), it can be concluded that
the mechanisms for adsorption of elemental and oxidized mercury on coal char are very different. 
Properties of the coal char (surface area, sulfur content, and forms of sulfur) have been shown to
determine the amount of mercury adsorption.  In addition to carbon, there is evidence for the adsorption
of mercury on coal fly ash (Carey et al., 1996) although the specific species which are adsorbed is not
known.  


In addition to adsorption, laboratory and pilot scale evidence suggest that solids such as activated
carbon and fly ash can act as catalysts for oxidation of elemental mercury.  Kinetic experiments in a
continuous flow reactor showed that the oxidation of elemental mercury by oxygen only occurred in the
presence of activated carbon (Hall et al., 1991).   A series of bench-scale experiments explored the 


catalytic effect of solids, including traditional metal catalysts, activated carbon, and coal fly ash, on the
oxidation of elemental mercury in simulated flue gas in a fixed bed reactor (Carey et al., 1996).  The
results showed that coal fly ash converted gaseous elemental mercury to a mixture of gaseous oxidized
mercury and adsorbed mercury at temperatures from 420�K to 640�K (300 F to 700 F).  Fly ash fromo o


five different coals was tested.  At 420�K, 20-50% of the elemental mercury was converted to a gaseous
oxidized form, probably HgCl  based on equilibrium considerations, while 0-80% was converted to an2


adsorbed form on the solids.  The adsorbed species might be HgCl , HgO, or HgSO .  There was a wide2 4


variation in the amount of adsorbed mercury depending on coal type.  At 640�K, less elemental mercury
was typically converted. 


Information on the reactions of mercury species with fly ash can be obtained by identifying
specific mercury species on the surface of char or carbon and then inferring the reaction pathway. 
Preliminary analysis of the forms of mercury on four carbon-based sorbents as described in PSI et al,
1997 was recently completed (Huggins et al., 1997).  These samples were treated with a simulated flue
gas containing N , O , CO , SO , H O, HCl, and elemental mercury.  In order to better understand the2 2 2 2 2


forms of adsorbed mercury, X-ray absorption fine structure (XAFS) spectra were collected at the
mercury L  edge at approximately 12,284 eV at the Stanford Synchrotron Radiation Laboratory.  ByIII


combining both the XANES and EXAFS evidence, one could speculate that the Hg bonding in the three
different mercury sorbents is different.  In the iodine-impregnated activated carbon, the mercury bonding
appears consistent with Hg-I.  In the sulfur-impregnated carbon and the lignite-based activated carbon,
the bonding is more consistent with Hg-Cl or Hg-S.  Further study, particularly of the Cl-edge XAFS
spectra in the SAC and LAC samples is required.
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Thus, particulate matter can promote oxidation of elemental mercury and can collect a significant
amount of mercury in flue gas.  The amount retained in the particulate matter seems to depend on the
following factors:


� carbon content
� properties of the carbon surface
� inorganic constituents in carbon particles
� Hg speciation in the flue gas


2.4.1  Sorbent Technology


Research continues on developing potential technologies for mercury emission reduction from
utility plants.  Although sorbent injection with activated carbon has been shown to be a promising
technology, even greater mercury removal may be possible with impregnated activated carbons, sodium
sulfide, and other types of sorbents.  The application of an activated carbon circulating fluidized bed
(CFB) also shows promise in removing mercury.
 


With sulfur-impregnated activated carbon injection, the carbon-bound sulfur reacts with mercury
to form mercuric sulfide (HgS) on the carbon, which is then removed by a particulate control device.  In a
pilot-scale study, sulfur-impregnated carbon increased mercury removal to 80 percent, an increase of
25 percent over results achieved with an equal amount of nonimpregnated activated carbon (Felsvang et
al., 1993).


Sulfur-impregnated carbons can potentially be enhanced for mercury sorption by the
impregnation of the carbon(s) with sulfur at elevated temperatures of 400 - 600 C (752 - 1112 F).  Thiso o


has promoted a more uniform distribution of short linear chains of sulfur allotropes (S  and S ) on the2 6


carbon surface as opposed to having predominately S  rings condensed in the macropore region of8


commercially available sulfur impregnated carbons.  In addition, the sulfur impregnated carbons prepared
at elevated temperatures have exhibited significantly better thermal stability since no sulfur loss was
observed even after exposure at 400 C (752 F).  The sulfur impregnated carbons exhibited high elementalo o


mercury uptake efficiency at 140 C (284 F) when compared to commercially available activated carbons. o o


Dynamic adsorption capacity of these carbons were measure as high as 4000 µg Hg/g C.  This capacity is
almost three orders of magnitude greater then the capacity of virgin activated carbon and an order of
magnitude greater than the capacity of commercially available impregnated activated carbon (Vidic et al.,
1996; Korpiel et al., 1997; and Liu et al., 1997).


With iodide-impregnated activated carbon injection, the carbon-bound iodide reacts with
mercury to form mercuric iodide (HgI ) on the carbon, which is then removed by a particulate control2


device.  In a pilot-scale study, iodide-impregnated carbon increased mercury removal to nearly 100
percent, an increase of 45 percent over results achieved with an equal amount of non-impregnated
activated carbon (Felsvang et al., 1993).


A study by the UNDEERC, as part of a Cooperative Agreement with the DOE-FETC, found that
iodide-impregnated activated carbon was effective at removing mercury in a test combustor.  Removal
effectiveness using the iodide-impregnated activated carbon exceeded 99 percent.  Other sorbents tested
were steam-activated lignite, thermal-activated bituminous coal, chemical-activated hardwood, iodine
impregnated, steam-activated coconut shell, and sulfur-impregnated steam-activated bituminous coal
(UNDEERC, 1995).


Chloride-impregnated activated carbon injection has only been tested on MWCs in Europe.  The
chloride reacts with mercury to form HgCl  on the carbon; and, the carbon is removed by a particulate2
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control device.  Experiments have shown that impregnating activated carbon with chloride salts increases
adsorptive capacity of the activated carbon by a factor of 300 (Teller and Quimby, 1991).


Public Services Company of Colorado (PSCo) has investigated the application of dry-sorbent
injection for controlling mercury emitted from coal-fired boilers.  A number of sorbents, including
activated carbon, sulfur- and iodine-impregnated carbons, several proprietary sorbents, and high-carbon
fly ash, were screened in the laboratory prior to pilot-scale testing.  Two activated carbons have been
tested on a pilot-scale facility drawing flue gas from PSCo's Comanche Station in Pueblo, Colorado
under pulse-jet and reverse-gas FF-, and ESP-configurations.  American Norit Companies’ Darco FGD,
an activated carbon derived from lignite which  has been utilized in the control of mercury from
municipal solid waste combustors, was be tested.  The second sorbent is an activated carbon prepared
from a bituminous coal (Feeley, 1997). 


Parameters of flue gas temperature and carbon residence time were varied to cover a wide range
of utility conditions.  The effects of fly ash were also evaluated by pulling flue gas from the upstream
and downstream side of the existing reverse gas baghouse with carbon injected in the slipstream prior to
the inlet of the pilot-scale configuration being tested.  Elemental mercury had to be spiked upstream of
the pilot-scale unit due to low mercury concentrations of the native flue gas stream.


The results indicate a high level of carbon is needed to remove the mercury, but deceasing the
temperature (either by heat exchangers or spray cooling with water) had a net increase of the mercury
captured by both the injected carbon and the native fly ash. The fabric filter configurations had the
greatest removals up to 90%, but at high carbon injection rates.  The ESP results indicate removals of
50% with approximately 30% of the total removal due to the native fly ash with the mass carbon-to-
mercury ratios greater than 5000:1. The test results for all the configurations are summarized under
Section 2.3.1.2,  �Current Research on Activated Carbon Injection for Utilities� (Sjostrum et al., 1996;
Haythornthwaite et al, 1997; and PSCO/ADA et al, 1997).


Other innovative activated carbon injection studies have been conducted by ADA Technologies
for EPRI at Public Service Electric and Gas Company’s (PSE&G)  Hudson Unit 2 located in Jersey City,
New Jersey.  The results also indicate a high level of carbon is needed to remove the mercury, but
deceasing the temperature had a net increase of the mercury captured by  the injected carbon, but not for
the native fly ash.  EPRI’s COHPAC or TOXICON configurations and a pilot-scale ESP were tested with
the Darco FGD activated carbon.  The test results for the different configurations are also summarized
under Section 2.3.1.2,  �Current Research on Activated Carbon Injection for Utilities� (Waugh et al.,
1997).


All the current work indicates the removal of mercury is mass transfer limited in the various flue
gases produced from the combustion of coal.  The reasons for this limitation are the low concentrations
of mercury present in the relatively high volumes of flue gas.  There are higher concentrations of other
species competing and occupying the active sites of the carbon.  In addition, the flue gas residence time
upstream of an ESP is nominally one second or less with flue gas velocities in the range of 50 to 60 ft/sec
at 149 C (300 F).  Compounding the mercury mass transfer limitation(s) is the decrease in the carbono o


reactivity and capacity at this nominal, but high temperature.  Fundamental studies have been performed
in the past two years designed to understand the mechanisms impacting the mercury mass transfer
limitation(s) (Carey et al., 1996 & 1997; Vidic et al., 1996; Rostam-Abadi et al., 1997; Korpiel et al.,
1997; and Liu et al., 1997).


Another technology with potential for improving mercury collection efficiency combines
calcium hydroxide (Ca(OH) ) with activated carbon.  This reagent, consisting of approximately 95 to 972







2-56


percent lime and 3 to 5 percent activated carbon, is known under the product name Sorbalit® (Nebel and
White, 1991).  Sorbalit® has only been tested on European MWCs and MWIs.


While sulfur-, iodide-, chloride salt- and Ca(OH) -impregnated activated carbons show promise2


for increasing the mercury removal efficiency, the cost of these modified carbons can be as much as 20
times higher than that of unmodified activated carbon (Maxwell, 1993).  In addition, chemically
impregnated carbons may increase the reactivity and subsequent capture of mercury, but very few studies
have indicated the effectiveness of chemically impregnated carbons for in-flight capture of mercury
(especially at one second or less residence time)  (Vidic et al., 1996; Korpiel et al., 1997; and Liu et al.,
1997).  These carbons, while being cost prohibited for in-flight mercury removal, can possibly be
designed for high mercury adsorption capacities indicative of long contact times (carbon beds or fabric
filters - pulse-jet, if installed  downstream of an existing ESP).  The effectiveness of FF-configurations
downstream of an ESP must be further investigated.


 Argonne National Laboratory is investigating potentially low-cost, chemically treated, solid
sorbents, such as volcanic pumice, as an economical alternative to activated-carbon injection.  In
addition, Argonne is planning to assess several key, ancillary issues that may impact the potential use of
these sorbents to control mercury, including the effect of the sorbents on particulate control equipment
performance, fly-ash marketability, and by-product disposal (Feeley, 1997).


Mercury reduction has been achieved at MWCs through the injection of Na S solution into the2


flue gas prior to the acid gas control device. The specific reactions of Na S and Hg are not totally clear2


but appear to be (Nebel and White, 1991):


Hg (gas) + Na S + 2H O � HgS (Solid) + 2NaOH + H  and2 2 2


HgCl  (gas) + Na S � HgS (Solid) + 2NaCl.2 2


The resulting solid, HgS, can be collected by a FF.


There are several potential limitations to Na S injection. These include reaction of Na S with2 2


calcium (Ca) in the sorbent (as found in Sorbalit®) to form calcium sulfide (CaS), reduction of the
amount of sulfur available to react with mercury (CaS can also cause scaling of the sorbent feed line),
corrosion of ductwork (Na S is a corrosive material), clogging and plugging of the screw conveyor due2


to solidification of Na S, and sludge formation due to the presence of inorganic salts in the mixing water2


(Nebel and White, 1991).


At present, full-scale operational injection of Na S has been done only in MWCs.  No plans have2


been announced to test this technology on fossil fuel-fired electric steam-generating units.


Sorbent Technologies is marketing a sorbent called Mercsorbent (Nelson et al., 1997).  The
company claims that the sorbent is effective in removing elemental mercury at high temperatures typical
of utility flue gas, and is unaffected by common co-existing flue gases, such as SO , HCl, and H O. 2 2


Mercsorbent can be used for sorbent injection or it can be used as a coating on a FF.  A bench-scale duct-
injection system at Sorbent Technologies facilities is now being used to test Mersorbents with this
approach.  The company is also scheduled to demonstrate the sorbent at the refuse incinerator in Fort
Dix, New Jersey, in 1997; prior compliance sampling at this facility suggests that a significant amount of
its mercury is in the elemental form.  A coal-fired boiler or slipstream is also being sought for a test of
the new sorbent material. 
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Another potential process for the reduction of mercury emissions is the use of activated carbon in
a CFB (Clarke and Sloss, 1992).  In a CFB, the activated carbon is continuously fed to the reactor where
it is mixed with the flue gas at a relatively high velocity, separated in the subsequent FF and recycled to
the reactor.  A small part of the used activated carbon is withdrawn from the process and replaced by
fresh material (Riley, 1991).  The main advantages to CFB's over fixed carbon beds are the increased
flue gas-to-carbon contact area and the smaller overall pressure drop.  This system has been used in
Germany for MWC operation.


In the U.S., Environmental Elements Corporation has been developing and testing  a CFB
promoting agglomeration of fine particulate matter, allowing for their capture in an ESP.  In addition, a
single injection of iodine-impregnated activated carbon was added to the fluid bed to adsorb mercury
vapor.  High residence time, due to the recirculation of the particles, allows for effective utilization of the
carbon and high collection of the fine particles.  Results from the laboratory-scale testing indicate spiked
elemental mercury was significantly reduced when passed through the fluidized bed of fly ash (50%
mercuiry removed) and further reduced to esentially to zero when the activated carbon was injected into
the bed (25 µg/m  to zero) at 110  C (230  F).  The iodine-impregnated activated carbon was fully3 o o


utilized after >2 hours within the bed.  An adsorption capacity was calculated to be 770gm/gm for the
carbon and 480 gm/gm for the bed of ash.  The ash still was able to remove 30 µg/m  after 100%3


breakthrough (carbon fully utilized) was indicated for the carbon.  The unit needs to be tested on actual
flue gas from coal combustion and there are plans to install a pilot unit and conduct testing at Public
Service Electric and Gas’s Mercer Station (Feeley, 1997). 


2.4.2  Improving the Mercury Capture Efficiency of Existing Pollution Control Technology


Research on improving the mercury capture efficiency of existing pollution control technology
can be categorized as an investigation of either mercury removal with wet FGD systems or particulate
control technology for capturing mercury.


Enhancing Mercury Removal by Wet FGD Systems.  Argonne National Laboratory is
investigating several additives that combine strong oxidizing properties with relatively high vapor
pressures to enhance the capture of mercury in a wet scrubber.  Due to a much higher solubility
compared to elemental mercury, oxidized mercury is readily removed in a wet scrubber. 
Experimentation is continuing on the effect of solutions of chlorine, bromine, and iodine on the
conversion and removal of elemental mercury in a laboratory-scale reactor.  Of the three halogen species
tested to date, the chlorine solution appears to remove the most elemental mercury in the presence of SO2


and NO.  Further testing of these and possibly other oxidizing reagents is planned (Feeley, 1997).


Radian International LLC has also investigated the conversion of vapor-phase elemental mercury
to more soluble Hg  at the bench- and pilot-scales.  Radian screened a number of catalysts and coal-++


based fly ashes for their ability to oxidize elemental mercury, including the effect of flue gas
temperature, flue gas vapor phase compounds, and residence time on the oxidation potential of the
materials.  Bench- and pilot-scale testing of iron-based catalysts, various carbons, bituminous,
subbituminous, and lignite fly ash have been performed on a slipstream of flue gas at the EPRI
Environmental Control Test Center (ECTC) in Barker, New York.  In addition, bench-scale testing has
been conducted at an utility firing a coal producing a higher percentage of elemental mercury in the flue
gas as compared to the ECTC.


To date, the pilot-scale tests have shown the carbon-based catalyst to be the most effective in
converting elemental mercury to Hg .  Further testing of the carbon catalysts is being planned at three++


utility sites at the bench-scale.  Flue gas composition, interaction with the fly ash, and temperature will
be the variables.  Deactivation of the catalysts will be investigated with reactivation concepts being
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initiated.  The tests will be designed to determine the long-term capabilities of the catalysts, with testing
being conducted over a six month period of performance for all the catalysts.  The influence of sulfur and
nitrogen oxides, HCL, and other vapor phase compounds will be investigated.  Converting elemental
mercury into an oxidized form could be advantageous in reducing mercury emissions with existing
technologies (Carey, et al., 1996 & 1997; Hargrove, et al, 1997; and Radian International, et al, 1997).


Improving Particulate Control Technology for Capturing Mercury.  Research into improving the 
existing particulate control technology for capturing mercury is being conducted by several companies.


ABB Power Plant Laboratories is developing retrofittable enhancements to existing ESPs to
increase their efficiency in capturing fine particles and air toxics.  Several approaches to improving the
capture of fine particulates have been investigated.  The most significant results were through flue gas
cooling (humidification and heat exchange) and in combination with pulsed energization. The pulsed
energization was accomplished through an ABB proprietary transformer rectifier set - Switched
Integrated Rectifier (SIR).  Flue gas cooling in combination with the SIR provided particle reductions
from 45 mg/m  to less than 5 mg/m  (<0.005 lbs/MMBtu) at a gas temperature of 150 C (300 F) .  The3 3 o o


particles in the 2.5 micron range and less were effectively reduced by a factor of 10 to 20.  Preliminary
tests indicated a reduction between 40 and 50 percent of the mercury in the flue gas by the native fly ash,
which is encouraging for both the low-sulfur bituminous and subbituminous coals.  This approach shows
promise in improving the collection of particulate-bound mercury, and may also cause vapor-phase
mercury to condense on particulate matter and be captured in the ESP.  Future work entails scaling the
technology and testing under a variety of coals and further investigating activated carbon injection with
flue gas cooling.  Potential impacts on fine particle collection will be monitored during all phases of
testing (Feeley, 1997; Srinivasachar and Porle,1997; and ABB, et al, 1997 ).


The performance of conventional control technology in reducing the emissions of mercury from
coal-fired boilers is being evaluated in pilot-scale studies as part of Babcock & Wilcox's Advanced
Emissions Control Development Program (AECDP).  Phase I of the AECDP involved benchmarking the
mercury capture performance of an ESP, a baghouse, and a wet scrubber installed at B&W’s Clean
Environment Development Facility (CEDF).  The focus of Phase II was to optimize the mercury removal
capability of the conventional pollution control technologies.  The results of the work conducted in 1996
and 1997 were detailed in the sections under �2.3.2, Flue Gas Desulfurization (FGD) Scrubbers� (Feeley,
1997; Redinger, et al, 1997; and Holmes, et al, 1997).


Phase III of the program will be directed at the development of new air toxics emissions control
strategies and devices.  Further testing at the McDermott facility will be conducted to determine at what
wet FGD conditions the possible re-emission of captured oxidized mercury occurs.


Under DOE funding, the Energy and Environmental Research Center together with W.L. Gore
and Associates is developing a new technology for ultrahigh collection of fine particles, including the
difficult-to-collect trace element enriched submicron fraction.  The concept utilizes electrostatics and
filtration in a unique manner that provides over 99.99% fine particle collection in a device that is up to
75% smaller than conventional technologies. The approach also shows promise for collecting vapor-
phase trace elements such as mercury and selenium when combined with an effective sorbent.  The
concept will be scaled up for testing on a variety of coals under various operating conditions (Miller et
al, 1997; and UNDEERC et al, 1997).
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2.4.3  New Technology for Controlling Mercury


A new technology for controlling all forms mercury from coal-fired electric utility units has been
investigated at the laboratory- and bench-scales on simulated and on actual flue from coal combustion. 
ADA Technologies has been developing a technology utilizing a regenerable sorbent allowing for the
recovery of liquid elemental mercury from the flue gas and appropriately called the Mercu-RE process. 
The process takes mercury from flue gases and produces liquid, elemental mercury with no secondary
wastes.  Noble metals are used to adsorb mercury at typical flue gas temperatures.  The mercury is then
thermally desorbed.  


Results from laboratory tests indicate that a gold-coated monolith captured virtually all of the
elemental mercury injected into a simulated flue gas.  Bench-scale tests on actual flue gas from the
combustion of four different coals showed the regenerable sorbent is capable of removing 95% of both
elemental and oxidized forms of the merury at temperatures between 150 C (300 F) and 204 C (400 F). o o o o


The unit ran for more than 700 hours and consistently reduced the mercury (both forms) in the flue gas
from inlet concentrations averaging 10 ug/m  to less then 1 ug/m  at the outlet after more than 203 3


sorption-desorption cycles at Consol’s research facility in Library, Pennsylvania.  Further testing of the
gold monoliths will include repeated sorption and desorption cycles over longer-term testing periods at
different operating conditions and at a larger scale (Feeley, 1997; Roberts and Stewart, 1996; Roberts
and Stewart, 1997; ADA Technologies, Inc., et al, 1997).


Based on condensing heat exchanger technology, Babcock & Wilcox is developing an integrated
flue gas treatment system for recovering waste heat and removing SO , SO , particulates, and trace2 3


elements from coal combustion flue gas.  The condensing heat exchanger is a two-pass, counter-flow
shell and tube heat exchanger.  The hot flue gas enters the top and flows downward through the first
cooling stage, across a horizontal transition region, and then upward through the second cooling stage.
An alkali reagent is sprayed from the top of the second stage to aid in the removal of SO .  Testing of the2


technology was conducted at B&W’s research facility in Alliance, Ohio.  Preliminary results indicate
that total mercury removal across both stages of the condensing heat exchanger is about 62 percent when
firing a blend of Ohio coals.  Testing has been conducted on two other bituminous coals with similar or
higher mercury removals (Feeley, 1997).


The Enhanced Limestone Injection Dry Scrubbing (E-LIDS�) process combines furnace
limestone injection with dry scrubbing to achieve high efficiency SO  particulate, and trace element2


emissions control.  Dry, pulverized limestone is injected into the upper furnace region of the boiler. The
limestone is calcined to lime and a portion of the sorbent reacts with SO  in the flue gas.  The flue gas2


passes through a particulate collector ahead of the dry scrubber to remove some of the solids from the
gas stream.  The solids are mixed with material collected in the baghouse to produce the SO  scrubbing2


reagent for the spray dryer.


Application of the E-LIDS� system when firing an Ohio bituminous coal in the Clean
Environment Development Facility (CEDF) at the Alliance Research Center of McDermott Technology,
Incorporated has shown efficient emissions control performance.  Sulfur dioxide emissions generated
from firing the nominal 3 percent sulfur coal were reduced by more than 99 percent to less than 0.10 lbs
SO /10  Btu. Total mercury emissions were reduced from an uncontrolled level of 17.6 �g/dscm to less2


6


than 0.2 �g/dscm for an average total removal efficiency of greater than 95 percent from the as-fired coal
mercury.  The measured performance confirmed earlier results obtained in the 5x10  Btu/hr small boiler6


simulator (SBS) facility.  Mercury measurements upstream of the dry scrubber indicated that both the
limestone injection and operation of the spray dryer/baghouse system at close to the saturation
temperature contributed to the observed total mercury emissions reduction.  The furnace limestone
injection alone reduced mercury emissions to an average of 3.1 �g/dscm (Redinger et al., 1997).
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Environmental Elements Corporation is developing a process for mercury control through DOE's
Small Business Innovative Research program.  The first concept utilizes an intense corona discharge to
convert Hg  to mercuric oxide.  The process also produces SO  to serve as a conditioner for high-0


3


resistivity fly ash.  A corona discharge in coal combustion flue gas will produce oxidizing radicals, such
as OH and atomic oxygen.  Bench-scale results indicate that the corona reactor, operating at relatively
low power levels and short residence time, yielded high elemental mercury vapor oxidation.  The
mercuric oxide, in the form of a solid particle, was removed using conventional particulate control
technology.  The corona reactor may also convert mercuric chloride to mercuric oxide, allowing for its
capture as well.  The system is currently being tested on a slipstream at Alabama Power's Plant Miller
(Feeley, 1997).


The capture of mercury on solid surfaces such as fly ash is being studied by UNDEERC and
DOE-FETC.  Data have shown wide variation in the amount of mercury that can be collected on fly ash
associated with particulate control devices.  On occasion, very high levels of capture have been observed
in the presence of HCl separately and in combination with nitrogen oxides.  A number of possible
interactions between vapor-phase mercury and solid surfaces can occur, including chemical adsorption,
physical adsorption, and condensation.  However, the exact mechanisms of capture remain unknown. 
Research is being conducted by UNDEERC to elucidate these mechanisms in order to better define
control strategies for mercury in coal combustion flue gases (Brown, 1997).


There are plans to investigate the interaction of mercury with metals such as zinc, silver, tin, and
cadmium.  Mercury has been shown to amalgamate, rather than adsorb, when in contact with certain
metals.  Both experimental and modeling efforts are planned to determine the suitability of metals for the
capture of mercury (Feeley, 1997).
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3. COST AND FINANCIAL IMPACTS OF MERCURY CONTROLS


Several technologies are available for the control of mercury emissions.  This section
summarizes the cost effectiveness of a variety of technologies (Section 3.1).  It also presents an analysis
of the potential financial impacts associated with the use of some of these technologies (Section 3.2).


3.1 Cost Effectiveness


Cost information on each of the control technologies described in Chapter 2 was obtained from
the literature and pollution control technology vendors.  This information was used to estimate the cost
of installing and operating applicable mercury control techniques at model plants within the four source
categories studied.  Each of the model plants considered in the cost evaluation is defined in the box on
the next two pages.  The cost estimates for these model plants reflect generalized costs and are not
intended to be site-specific.  Plant-to-plant variations can result in higher or lower technology
performance and associated costs.  In addition, it should be noted that for the combustion sources, the
control devices described are also effective in controlling other pollutants.  These might include acid
gases and other metals for utility boilers, MWCs, and MWIs with the addition of dioxin compounds for
the MWCs and MWIs.  Therefore, although the costs are presented in terms of the cost of mercury
reductions, it would be incorrect to attribute all of the control costs to mercury control.  This is
particularly the case for MWI.  The emission guidelines finalized for MWI include emission limits for
ten pollutants including mercury.  The controls described here for mercury are also designed to control
the other pollutants as well.  If mercury alone were to be controlled it is possible that many  MWIs could
meet the emission limit for mercury by enacting an aggresive source separation program aimed at
removing mercury products from the waste stream at a much lower cost than installing a control device.


With the exception of MWIs, detailed documentation and analysis of model plant cost is
provided in Appendix B.  For detailed information on the MWI cost analyses the reader is encouraged to
consult Hospital/Medical/Infectious Waste Incinerators: Background Information for Promulgated
Standards and Guidelines - Regulatory Impact Analysis for New and Existing Facilities (EPA-453/R-97-
009b).  


The cost estimates were combined with the mercury removal efficiencies presented in Chapter 2
to develop cost effectiveness values for various mercury controls applied to model plants for each
industry.  Table 3-1 summarizes the results of the cost effectiveness analysis for MWCs, MWIs, and
chlor-alkali plants.  It shows the applicable mercury controls and the estimated cost effectiveness in
dollars per pound of mercury ($/lb Hg) removed as well as other measures of cost (e.g., dollars per ton of
municipal waste).  For MWIs, cost-effectiveness values for individual facilities are not presented in this
document because they have been recently published separately; only national impacts are presented in
this chapter.


To determine how the cost-effectiveness of carbon injection might vary with different chlorine
levels in the coal, a sensitivity analysis was performed for the utility boiler model plants which assumed
various levels of HgCl  in the flue gas.  These results are shown in Table 3-2 and also described in2


Section B.3.2.  (Note that utility deregulation could impact the competitiveness of certain utilities and
affect their ability to pass costs to consumers.)
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Definition of Model Plants Considered in the Cost Evaluation


Municipal Waste Combustors (MWCs)


Two model plants, both assumed to operate at full capacity 90 percent of the year.


(1) A small mass burn/waterwall (MB/WW) MWC with two units and a total plant capacity of 180 Mg/day
(200 tpd); equipped with dry sorbent injection (DSI) and an ESP.


(2) A large MB/WW MWC with three units and a total plant capacity of 2,045 Mg/day (2,250 tpd) of MSW;
equipped with a SD/FF pollution control system.


Medical Waste Incinerators (MWIs)


Three model plants, representing small (< 200 lb waste incinerated per hour (lb/hr)), medium (201-500 lb/hr), and
large (> 500 lb/hr).  These plants represent commercial medical waste incinerators, hospitals, nursing homes and
research laboratories.  Based on the MWI emission guidelines (promulgated August 15, 1997), the level of air
pollution control for these model plants would have to result in either an outlet concentration of 0.55 mg/dscm or an
85 percent reduction in mercury.  The controls which would achieve these levels are good combustion practices with
wet scrubbers (or dry scrubbers with carbon injection).  However, the emissions guidelines do not specify these
controls.  The emission limits can be achieved by any means or any technology.  There are two other likely scenarios
for the non-commercial MWI.  One is that the facility would segregate it’s infectious waste, switch to a commercial
incinerator and landfill the remaining waste.  This is referred to as �switching with segregation� in the cost analyses. 
The second scenario is that the facility already segregates it’s infectious waste, but now switches to a commercial
incinerator rather than on-site incineration.  This is referred to as �switching without incineration� in the cost analyses. 
For the commercial incinerators, installation and operation of a control device is considered in the cost analyses.


Details of the MWI cost analyses are not presented in this document, but may be found in Hospital/Medical/Infectious
Waste Incinerators: Background Information for Promulgated Standards and Guidelines - Regulatory Impact
Analysis for New and Existing Facilities (EPA-453/R-97-009b).  


Chlor-alkali Plants


One model plant that produces 273 Mg (300 tons) of chlorine per day (represents the mid-range size of chlor-alkali
plants in operation); assumed to have individual flow rates from the hydrogen and end-box streams of 4,080 dscm/hr
(144,000 dscf/hr) each at 21 percent 0  (combined to equal 8,160 dscm/hr); baseline control systems for both streams2


consist of a heat exchanger to cool the gas followed by a knockout drum to separate the condensed mercury from the
hydrogen and end-box streams; a mercury level of 1,000 g/day after this baseline control is assumed; mercury control
options considered were conversion to the membrane cell process and control of the hydrogen and end-box streams
through the use of brine scrubbing and treated AC adsorption; no additional controls examined for the cell room.
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Definition of Model Plants Considered in the Cost Evaluation
(continued)


Utility Boilers


Three model plants; all three assumed to operate with a capacity factor of 65 percent (5,694 hr/yr); chloride levels in
fuel assumed to be sufficiently high that all mercury in the flue gas is in the form of HgCl ; inlet mercury level to the2


control systems associated with each coal-fired model plant is 10 µg/dscm (4.4 g/million dscf) at 20 C.o


(1) A 975-MW coal-fired boiler firing low-sulfur coal; has a flue gas volume of 4,050,000 dscm/hr and is
equipped with a cold-side ESP; temperature ahead of the ESP is 157 C and the temperature exiting the ESPo


is 150 C; no mercury control across the ESP is assumed; four mercury control variations considered:o


(a) activated carbon (AC) injection


(b) spray cooler, AC injection, FF


(c) spray cooler, AC injection


(d) carbon filter bed


(2) A 975-MW coal-fired boiler firing high-sulfur coal; equipped with a cold-side ESP (150 C) and a FGDo


system; FGD system assumed to be 50 percent efficient for mercury control and the controlled mercury level
is 5 µg/dscm (2.2 g/million dscf); also equipped with a carbon filter bed for mercury control.


(3) Identical to model plant (1), except that it has a capacity of 100 MW; assumed to have a flue gas volume of
411,000 dscm/hr; the gas temperature ahead of the ESP is 146 C and the ESP outlet temperature is 137 C;o o


no mercury control across the ESP is assumed, but two variations of the model plant are equipped with the
following for mercury control:


(a) AC injection


(b) spray cooler, AC injection, FF
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Table 3-1
Cost Effectiveness of Control Technologies


Source Technique Cost Comments$/lb Hg Removed Other Measures
Mercury Control


Cost Effectiveness


MWCs Material separation 1,450 $0.37/ton MSW Costs are very community specific;  Results
(batteries) shown are based on one community's program


Production substitution -- -- The potential for product substitutions requires
(e.g., batteries, that the specific circumstances of each situation
fluorescent lights) be examined; general cost estimates are not


possible


Activated carbon 211-870 $0.7-3.5/ton MSW Costs assume an 85% reduction; range of costs
injection cover the two model plants


Carbon filter beds 513-1,083 $5.44-9.39/ton MSW Range of costs cover the two model plants


Polishing wet scrubber 1,600-3,320 $5.3-13.5/ton MSW Costs assume an 85 percent reduction; range of
costs cover the two model plants


MWIs Material separation -- -- Costs vary on a site-specific basis; no costs were
(batteries) available; cost effectiveness for a hospital


program would be assumed to be better than for
a community program


Good combustion, wet -- -- For cost-effectiveness estimates for individual
scrubber or dry scrubber facilites, the reader should consult
with carbon injection Hospital/Medical/Infectious Waste Incinerators:


Switching with waste Standards and Guidelines - Regulatory Impact
segregation Analysis for New and Existing Facilities (EPA-


Switching without waste
segregation


Background Information for Promulgated


453/R-97-009b).  







Cost Effectiveness of Control Technologies
(continued)


Source Technique Cost Comments$/lb Hg Removed Other Measures
Mercury Control


Cost Effectiveness
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Chlor-Alkali Plants Process modification 4,590 $39.6/ton chlorine Cost effectiveness calculated using capital and
Using Mercury Cell produced electrical costs only
Process


Depleted brine scrubbing 1,040 $6.7/ton chlorine Cost data were scaled from 1972 dollars
produced


Treated activated carbon 769 $5.1/ton chlorine Cost data were scaled from 1972 dollars
adsorption produced
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Table 3-2
Cost Effectiveness of Control Technologies for Utility Boilers


Model
Model Definition Sensitivity Analysis for Models


Size Fuel Existing Mercury Control Source Carbon Usage Cost Effect. Cost Effect.
(MW) Controls (g C/g Hg) (mils/kWh) ($/lb Hg)


a


1a 975 Low-sulfur Coal ESP AC injection EPA 34,200 1.82 22,100


DOE 100,000 5.58 67,700


1b 975 Low-sulfur Coal ESP Spray cooler, AC injection, fabric filter EPA 460 1.43 17,400


DOE 9,400 2.10 25,400


1c 975 Low-sulfur Coal ESP Spray cooler, AC injection EPA 460 0.40 4,940


DOE 30,000 2.19 26,500


1d 975 Low-sulfur Coal ESP Carbon filter bed EPA -- 2.70 32,700b


DOE -- NA NAc


2 975 High-sulfur Coal ESP/FGD Carbon filter bed EPA -- 3.1 37,800


DOE -- NA NA


3a 100 Low-sulfur Coal ESP AC injection EPA 17,200 1.16 14,200


DOE 100,000 5.71 70,000


3b 100 Low-sulfur Coal ESP Spray cooler, AC injection, fabric filter EPA 460 2.09 27,700


DOE 12,600 3.15 38,600


 The lower carbon injection rates represent low-temperature flue gas while the higher rates are for high-temperature operations.  Both the low and the high carbon injection ratesa


would achieve a 90 percent reduction in mercury emissions under the given temperature scenario.
 The mercury control is a stationary bed that does not require carbon injection.b


 NA = Not available.c
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3.2 Financial Analysis


This section presents an analysis of the ability of the four industries studied (MWCs, MWIs,
utility boilers and chlor-alkali plants) to finance the mercury controls for which the capital and annual
costs have been estimated on a model plant basis.  The methodology for conducting the financial analysis
is described first followed by the results.  The financial impact of installing wet scrubbers to control
mercury emitted from  MWCs was not analyzed because the activated carbon technology is less
expensive and as effective, so it is more likely to be the technology of choice.


3.2.1 Methodology


MWCs, MWIs and utility boilers provide a service to consumers whom, in general, do not have
other options for acquiring the same service.  Consequently, all or part of the cost of control usually can
be passed on directly to the consumer in the form of a cost increase for the service.  For these industries,
financial impact was determined from the potential increase in product or service cost to the consumer
arising from the cost of the mercury controls.  This ratio, calculated as the ratio of annual control costs to
revenues, reflects the potential percent cost increase necessary to recover the control costs.


For chlor-alkali plants, individual companies have little control over the price they are able to
receive for their respective products.  In this industry, individual companies are competing against other
domestic producers and against foreign producers of the same products.  Therefore, prices are often
determined by international markets. As a result, mercury control costs cannot be passed on to the
consumer and the funds to purchase mercury controls must be financed with existing profits.  The
financial impact from installing and operating the mercury controls for chlor-alkali plants using the
mercury cell process was determined from the ratio of total annual control costs to profits and the ratio of
annual capital costs to annual expenditures.  The annual capital costs of control equipment are the initial
capital costs of equipment distributed over the lifetime of the equipment.  These measures of financial
impact represent the ability of the industry to absorb the annual control costs and to acquire the capital
needed to purchase the controls while still remaining competitive.


3.2.2 Results


The financial impact of installing mercury emission controls for the above-referenced industries
is summarized in this section.  Activated carbon injection costs were calculated for MWCs, MWIs and
utility boilers.  Costs of carbon filter beds were calculated for MWCs and utility boilers.  The costs of
membrane cell process conversion, depleted brine scrubbing and treated activated carbon adsorption
were calculated for chlor-alkali plants.


Municipal Waste Combustors.  For the small and large MWC model plants, which are described
in Appendix B, total revenues are estimated to be $3.4 million and $38.0 million (see Table 3-3). 
Revenues for MWCs are typically derived from energy production, tipping fees (the fee received by the
MWC for each ton of MSW received), and sale of materials collected on site for recycling.  Because
information on revenues from tipping fees and recycling sales are not available, total revenues for the
MWCs were estimated from electricity sales.  An industry source estimates that electricity sales typically
account for 35 to 50 percent of a facility's revenues (Kiser and Burton, 1992).  Therefore, total revenues
were estimated to be equal to twice the value of electricity sales.  Electricity sales were estimated based
on the average net kilowatt-hours generated per ton of MSW combusted (533 kWh/Mg [485 kWh/ton]),
the annual amount of MSW combusted for the model plants (60,000 Mg/yr [66,000 tons/yr] for the small
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MWC and 672,000 Mg/yr [739,000 tons/yr] for the large MWC), and the average price paid for
electricity ($0.053/kWh) (Berenyi and Gould, 1993).


Table 3-3
Potential Cost Increases  for MWCs and  MWIs a


Control Option Combustors Medical Waste Incinerators
Municipal Waste


  Activated Carbon
   Injection


Small :  6.9%b


Large :  1.3%c


Hospitals, nursing homes,
research laboratories:
 
Switching with waste 0.01 - 0.04%
segregation


Switching with no waste
segregation


0.02 - 0.09%


Commercial Incineration 2.6 %


Potential cost increase = total annual operating cost divided by total annual revenue.  Represents the potential cost increase ina


service or product to cover the cost of controls.
Capacity = 180 Mg/day.b


Capacity = 2,045 Mg/day.c


The MWC mercury control costs for activated carbon injection and carbon filter beds were
estimated in Appendix B.  The estimated annual control costs for activated carbon injection for the small
MWC are $232,000, indicating a potential 6.9 percent cost increase.  For the large MWC, the estimated
annual control costs for activated carbon injection are $520,000, indicating a potential 1.3 percent cost
increase.  The estimated annual control cost for carbon filter beds are $2.81 million or an 83 percent
potential increase for the small MWC, and $13.2 million or a 35 percent potential cost increase for the
large MWC.  Reliable cost data on battery separation programs as mercury control options were not
available, so cost increases arising from these programs could not be estimated.


Medical Waste Incinerators.  The national annual control costs (i.e, for the entire industry) to
meet the mercury emission guidelines for MWI are estimated to range from $59.2 million/year to $120
million/year depending om whether the facilites choose to segregate their infectious waste prior to
incineration.  These options would results in potential cost increases ranging from 0.01 to 0.09 percent
for the non-commercial facilities (e.g., hospitals and nursing homes), and 2.6 percent for commercial
incinerators.
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Chlor-Alkali Plants.  Control costs were estimated for three different control scenarios: 
(1) conversion of the model plant to a membrane cell process; (2) control of emissions from the existing
mercury cell plant with depleted brine scrubbing; and (3) control of emissions with treated activated
carbon adsorption.  Results of the analysis are summarized in Table 3-4.


Table 3-4
Estimated Annual Profits, Expenditures,


Revenues and Financial Impacts  for Chlor-Alkali Plantsa


Parameter Chlor-Alkali Plants


Total Annual Profits $12.9
  (millions of dollars)


Total Annual Expenditures $26.7
  (millions of dollars)


Financial Impact


   Membrane Cell Process 12% of Expenditures


   Depleted Brine 5.1% of Profits
    Scrubbing 0.7% of Expenditures


   Treated Activated 3.9% of Profits
    Carbon Adsorption 0.5% of Expenditures


 Financial impact = total annual control costs divided by profits and annual capital costs divided by total expenditures.a


Note:  The percentage of annual profits represents the amount of profit that would be needed to absorb the control costs.  The
percentage of annual expenditures provides a measure of the industry's ability to acquire the capital needed for the controls while
still remaining competitive.


Information on profits and expenditures for the chlor-alkali industry were obtained from the
1987 Census of Manufacturers, which reported 27 companies operating 45 plants.  Financial data
specific to the 14 chlor-alkali plants that use the mercury cell process could not be obtained.  Financial
data were subsequently corrected to 1990 dollars using the Consumer Price Index.  Total annual profits
were $581.2 million, or an estimated average of $12.9 million per plant.  Total annual expenditures for
the industry were $1.20 billion, or an estimated average of $26.7 million per plant (U.S. Department of
Commerce, 1990a).


The membrane cell process has lower electricity costs than the mercury cell process and,
consequently, electricity savings were considered in estimating plant conversion costs.  The estimated
net annual capital cost of converting the model plant to a membrane cell process, after deducting
estimated electricity savings, is about $3.3 million, or about 12 percent of total annual expenditures. 
Comprehensive data on other annual operating expenses for the membrane cell process were not
available, so the total annual operating expenses for the membrane cell process could not be determined. 
Consequently, the financial impact of this control, measured by annual costs as a percentage of profits,
could not be determined.
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The estimated total annual costs for depleted brine scrubbing on the combined hydrogen and
end-box stream, including the costs for secondary cooling and mist elimination, are estimated to be
$662,000, or 5.1 percent of annual profits.  The estimated annual capital recovery cost for this control is
$177,000, or 0.7 percent of annual expenditures.  These numbers provide a measure of the ability of the
industry to absorb the control costs, and the ability of the industry to acquire the capital needed for the
controls while still remaining competitive.


The total annual costs for treated activated carbon adsorption on the combined hydrogen and
end-box stream, including the costs for secondary cooling and mist elimination, are estimated to be
$500,000, or 3.9 percent of profits.  The estimated annual capital recovery cost for this control is
$134,000, or 0.5 percent of annual expenditures.


Utility Boilers.  Control costs were estimated for activated carbon injection (with and without
spray coolers and FFs) and carbon filter beds for three models of coal-fired utility boilers.  Revenues
were also estimated for each of the models and a potential cost increase for electricity was determined
for each of the model boiler/control technology combinations.


The models included two large boilers (975-MW capacity).  The first model boiler fired low-
sulfur coal and was controlled by an ESP.  The second model boiler fired high-sulfur coal and was
controlled by an ESP and FGD.  The third model was a small utility boiler (100-MW capacity) firing
low-sulfur coal and controlled by an ESP.  The different utility boiler models and the mercury controls
applied to each are summarized in Table 3-5, along with estimated annual revenues for each model
boiler, the estimated cost of control and the potential cost increase for each model/control technology
combination.


Annual revenues were estimated for the model boilers based on revenues from electricity sales
and electric generating capacity for 20 utility companies (Value Line Publishing, 1994a and 1994b).  The
median annual revenues per megawatt of generating capacity from these 20 companies was $453,000;
the range was $268,000 to $723,000/MW of generating capacity.  Revenues were estimated for the
model boilers from the revenue factor of $453,000/MW of capacity and by applying a load factor of 65
percent (i.e., only 65 percent of generating capacity is utilized on an annual basis).


The estimated revenues for the 975-MW boiler are $287 million; estimated revenues for the
100-MW boiler are $29 million.  Potential electricity cost increases for each model plant and control
scenario are presented in the last column of Table 3-5.  Two sets of results are presented, reflecting
different values for carbon usage.
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Table 3-5
Annual Revenues and Potential Cost Increases for Utility Boilers


Model


Model Definition Sensitivity Analysis for Models


Size Existing Carbon Estimated Annual Potential Cost
(MW) Fuel Controls Mercury Control Source  Usage Revenue  Cost Increasesa


(g C/g Hg) ($ Million)  (10 $/yr) %6


1a 975 Low-sulfur Coal ESP AC injection EPA 34,200 287 10.1 3.5


DOE 100,000 287 31.0 10.8


1b 975 Low-sulfur Coal ESP Spray cooler, AC EPA 460 287 7.94 2.8
injection, fabric filter


DOE 9,400 287 11.6 4.0


1c 975 Low-sulfur Coal ESP Spray cooler, AC EPA 460 287 2.26 0.8
injection


DOE 30,000 287 12.1 4.2


1d 975 Low-sulfur Coal ESP Carbon filter bed EPA -- 287 14.9 5.2b


DOE -- 287 NA NAc


2 975 High-sulfur Coal ESP/FGD Carbon filter bed EPA -- 287 17.3 6.0


DOE -- 287 NA NA


3a 100 Low-sulfur Coal ESP AC injection EPA 17,200 29 0.66 2.3


DOE 100,000 29 3.25 11.2


3b 100 Low-sulfur Coal ESP Spray cooler, AC EPA 460 29 1.29 4.4
injection, fabric filter


DOE 12,600 29 1.79 6.2


 The lower carbon injection rates represent low-temperature flue gas while the higher rates are for high-temperature operations.  Both the low and the high carbon injection ratesa


would achieve a 90 percent reduction in mercury emissions under the given temperature scenario.


 The mercury control is a stationary bed that does not require carbon injection.b


 NA = Not Available.c
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4. MERCURY BENEFITS ASSESSMENT FRAMEWORK AND
DISCUSSION


 This chapter presents a recommended framework for estimating the benefits of reducing
mercury emissions.  The intent is to recommend a framework that is realistic (i.e., feasible within a
reasonable time frame and budget), and consistent with current practices within the Agency. 


The chapter is organized into two main sections.  Section 4.1 discusses the theoretical
background supporting a benefits assessment for reducing mercury contamination and raises relevant
issues to be considered in future work on such a benefits assessment.  Section 4.2 identifies and discusses
the various steps envisioned as part of such an assessment for reducing mercury contamination.


4.1  The Economics of Benefits Assessment


This section discusses some of the basic concepts and issues relevant to understanding and
conducting an assessment of the economic benefits associated with reducing mercury contamination.  An
additional goal of this section is to provide background on the theoretical and practical issues that need to
be addressed in preparing a rigorous, comprehensive benefits assessment.


4.1.1 Definition of �Economic Benefits� and Goal of the Benefits Assessment


The general term �benefits� refers to any and all outcomes of a regulation that are considered
positive; that is, that contribute to an enhanced level of social welfare.  Social welfare is dependent on
the quantity and quality of the goods and services that society has access to and are used or valued by the
individuals that make up society.  Environmental pollution, such as mercury contamination, can reduce
both the quantity and quality of goods and services available to society, and thus, reduce social welfare
(i.e., leave society worse off then without the environmental pollution).  The benefits of a regulation that
reduces the level of pollution in the environment is thus measured by the change in social welfare
associated with the reduction in pollution levels, where the change in social welfare depends on how
society values the changes in the quantity and quality of the goods and services affected by
environmental pollution.  Example goods and services affected by environmental quality or pollution
levels include human health, fish consumed as food, and recreational activities, such as fishing and
animal viewing.  A comprehensive discussion of the potential benefit endpoints of mercury
contamination is provided in Section 4.2.


An important distinction is being drawn here regarding how �environmental quality� is assumed
to be valued by society for the purposes of a benefits assessment.  As described here, environmental
quality is valued by society because of the impact it has on various goods and services that are consumed
or used by society.  This framework for thinking about the benefits of improved environmental quality
affects how one estimates the value of improved quality because the focus is on the change in the value
of goods and services affected by the level of environmental quality, not the value of improving
environmental quality explicitly.  Some of the goods and services affected by changes in environmental
quality that are consumed or used by society are readily apparent, while others are not.  For example,
people clearly value forests for the timber they supply and for the recreational opportunities they supply,
but they may not realize that they also value forests for providing oxygen in the air they breath, for
providing erosion control that protects water quality, and for providing habitat for many animals the
individual values (these are all �services� provided by the forest that are affected by environmental
quality).  Some of these later services can, however, be connected to other activities that humans value
and therefore valued through that relationship.  Individuals may also get �value� from simply knowing







     There are several questions within this framework, however, that require additional consideration in a1


developing a rigorous framework for assessing the benefits of regulation. One issue is the fact that improvements in
environmental quality will affect many goods and services used or consumed by society in multiple ways (e.g.,
through direct and indirect pathways).  A future comprehensive benefit analysis, therefore, will need to develop a
framework for analyzing simultaneous changes to multiple goods and services that accounts for the fact that a
particular good or service may be affected through multiple pathways and that there may be interactive effects
between changes in particular goods and services that arise from a change in environmental quality.  Resolution of
these issues and the development of a comprehensive framework for analyzing the benefits of regulations that have
nationwide effects requires input on both a theoretical and an applied level. 


     A comprehensive benefit analysis will need to evaluate the appropriateness of using changes in consumer and2


producer surplus to approximate the true change in welfare associated with a quality change.
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that the forest exists - thus, the �existence value� of the forest is also a �service� provided by the forest
and part of the benefits of reducing pollution levels is the value to all individuals of reducing effects that
negatively impact the existence of the forest.  Sections 4.1.4 and 4.2.2. discuss these concepts further in
identifying categories of benefits and specific benefit endpoints associated with reducing mercury
contamination.1


The goal of a benefits analysis for an environmental regulation is to identify all of the goods and
services that are affected by a change in the level of environmental pollution (both directly and
indirectly), estimate the change in the quality and/or quantity of those goods and services consumed by
society resulting from the change in the level of environmental pollution, and then estimate the value to
society of that change in the quality and/or quantity of goods and services consumed.


4.1.2 Measuring Benefits - The Concept of Willingness-to-Pay 


Willingness-to-pay (WTP) is the concept used by economists to measure the value of different
goods and services to society.  WTP is defined as the maximum amount of money an individual would
pay such that the individual would be indifferent between having the good or service and having kept the
money.  WTP values reflect individuals’ preferences.  Because preferences are likely to vary from one
individual to another, WTP values for different goods and services will vary from one individual to
another.  The total social value of a good or service is the sum of the WTP values of all individuals who
consume the good or service.


For consistency with how goods and services are traded through markets, economists measure
the benefits of a regulation, or the change in social welfare associated with a regulation, in dollar terms
using WTP.  In the case of an environmental regulation, the benefits are measured in terms of the WTP
for the improvement in the quality or quantity of the good or service (or alternatively, the change in the
WTP for the good or service with and without the improvement).  For both market and non-market goods
and services, the total value of improvements in the quality or quantity of those goods and services is the
sum of the change in the dollar amount that each individual is willing to pay for each good and service
across all individuals (i.e., the change in WTP).  


The monetary value or WTP for goods and services sold through markets can be approximated
by the sum of predicted changes in �consumer and producer surpluses.�   These �surplus� measures are2


standard and widely accepted terms of applied welfare economics, and reflect the degree of well-being
enjoyed by people given different levels of goods and prices.  For goods and services that are not sold
through markets (such as many recreational activities), other methods are used to estimate the WTP for
these goods and services.   







      For a comprehensive summary of approaches available to measure market and non-market ecological benefits,3


see U.S. EPA, Ecological Benefits assessment Framework, draft, prepared for EPA Social Sciences Discussion
Group, EPA Science Policy Council, 1996.
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4.1.3 Introduction to Techniques Used to Estimate WTP 


There are a wide variety of economic valuation techniques that can be used to estimate WTP for
a change to a specific good or service.  This section is intended to introduce the different types of
approaches that are available for estimating WTP and provide a general sense of what data might be
required to implement each type of analysis for use in planning future benefits analyses.  More detailed
information on the specific techniques is not provided here because the current purpose of this chapter is
to identify a framework for a more thorough benefits analysis and not to implement a specific approach
for estimating the benefits of reducing mercury emissions.  Furthermore, there are numerous sources of
information on each of these techniques, including many textbooks as well as U.S. EPA materials.  3


The techniques available for estimating WTP differ by their approach for eliciting the value that
an individual (an ultimately, society) places on the good or service provided, their data requirements, and
their relative advantages and disadvantages (e.g., accuracy, ease of use, acceptability).  Table 4-1 lists the
variety of techniques used to measure WTP and divides them into four categories based on two
characteristics:


(1) Does the technique use data or observations of people acting in real-world situations
(i.e., revealed preferences) or of people responding to hypothetical situations (i.e., stated
preferences)?


(2) Does the technique yield monetary values directly (i.e., direct estimation of WTP) or
must monetary values be inferred based on a model of individual behavior (i.e., indirect
estimation of WTP)?


Table 4-1
Categorization of Approaches for Estimating WTP


Approach Direct Estimation of WTP Indirect Estimation of WTP


Revealed Preferences Market Price/Quantity       Value of a Statistical Life
Approach (Estimated Supply/Demand) Travel Cost Studies


Cost of Illness Hedonic Studies
User Fees Random Utility Models
Simulated Markets Avoidance/Defensive Expenditures
Replacement Costs Referendum Voting


Stated Preferences Contingent Valuation Studies Contingent Ranking
Approach Contingent Activity


Contingent Referendum
Conjoint Analysis


Direct, revealed preference approaches require data on real-life choices made by individuals
regarding their consumption or use of a particular good or service.  These approaches assume that an
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individual who is free to choose the quantity of the good or service they desire at a specific price will
choose the quantity that maximizes their welfare (or benefit) given the constraints placed upon them by
the market (e.g., limited individual income, availability of substitutes and other goods, limited
availability of specific goods or services).  Thus, these types of approaches can only be applied for goods
and services bought and sold through markets.  Estimating market supply and demand for a good or
service requires time series or cross-sectional data on the price of the good or service, the quantity sold
and consumed, and detailed cost and revenue information for representative producers.  


Indirect, revealed preference approaches rely on the relationships between the value placed on a
good or service affected by environmental quality that is not traded through markets and the other real-
world choices that individuals make.  These approaches typically require modeling of these relationships
to infer values for the non-marketed good or service.  Travel cost studies, for example, have been used to
estimate the value of a particular recreational activity, such as fishing, based on the time and expense
required to partake in that activity.  Similarly, in using the avoidance/defensive expenditures approach,
the cost of a particular event (or benefits of preventing an event), such as flooding, is estimated based on
current expenditures to prevent or reduce the negative impact of an event.  Because of the need to model
complex relationships in order to infer values for a specific good or service, these techniques tend to
have fairly significant data needs, which may include: price and quantity information for consumption of
related market goods and services; use or consumption information for the good or service one wants to
value; characteristics of the good or services as well as substitute goods and services; and characteristics
of users. 


Direct, stated preference approaches, or contingent valuation approaches, involve asking people
directly about the values they place on certain effects or changes.  Some direct approaches used to
determine an individual’s willingness to pay for a specific improvement include:  


� Asking each individual in a sample directly how much they would be willing to pay to
ensure/prevent a change;


� Asking each individual in a sample whether they would be willing to pay some specific
amount of money to ensure/prevent a change, varying the amount of money across the
sample; and 


� Conducting a bidding game with each individual in a sample to determine the maximum
amount each would be willing to pay to ensure/prevent a change.


By aggregating over the sample, an analyst can estimate a demand curve for the specific change, which
can then be used to estimate total WTP.


Indirect, stated preference approaches are also contingent valuation studies, except that the
individuals questioned are not asked directly about the value they place on a specific change, but rather
are asked to make a decision about another situation that depends or otherwise relates to the value they
would place on the specific change to be valued.  The responses to these questions are then used to draw
inferences about the value of changes to the non-market good or service of interest.  For example,
individuals may be asked:


� To rank combinations of varying quantities or qualities of goods, including both market
goods, which have prices associated with their use, and non-market goods, for which the
analyst wants to estimate the value; or
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� To estimate the change in their current level of activity or use of a specific good or
service under alternative scenarios in which the availability and quality of the good or
service is varied.


Benefits transfer analysis can often be used to estimate the value of a particular change when it is
not possible to use one of the above techniques.  This approach involves identifying other valuation
studies of similar changes or effects and using, or transferring, the value from the previous study(ies) to
the new change or effect of concern.  In some instances, additional data might be used to adjust the value
estimate to better suit the new situation or to correct for errors introduced in the original study.  This
technique can be used to develop rough or �order of magnitude� estimates of the potential benefits from
an action, with only slight adjustments in the application of a value from a previous study to the new
situation, as well as more accurate estimates of the benefits, with more sophisticated adjustments to
better represent the new situation.


4.1.4 Types of Benefit Endpoints - Goods and Services Affected by Environmental Quality


To conduct a benefits analysis, the types or categories of benefits that apply need to be defined. 
There are numerous types of goods and services affected by the level of environmental quality that have
value to some or all individuals in society.  The purpose of the benefits analysis, as discussed above, is to
quantify and, when possible, monetize the increase in the value of these goods and services as a result of
an action that improves environmental quality.  The benefits typology shown in Table 4-2 summarizes
the various categories of benefits in terms of the types of services that can be protected or improved by
protecting or improving environmental quality.  


Table 4-2
Typology and Examples of Uses/Services Affected by 


Changes in Environmental Quality


Direct, Market Uses Direct, Non-Market Uses
Food Products (fish, crops, animals) Human Health
Building Materials (timber, stone) Recreational Activities
Fuel (timber, coal, oil)    Recreational/Subsistence Fishing
Drinking Water    Recreational/Subsistence Hunting
Chemicals/Minerals    Animal Viewing (bird watching)
Medicine    Boating, Swimming, Beach Use


   Hiking/Camping


Indirect, Non-Market Uses Non-Market, Non-Use Values
Water Filtration Existence/Intrinsic Value
Flood Control Cultural/Historical Value
Pollution Mitigation Bequest/Philanthropic Value
Soil Generation Option Value
Nutrient Cycling
Wave Buffering
Habitat Value/Biodiversity
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As reflected in Table 4-2, benefits are typically categorized according to whether they involve
some form of direct or indirect use by mankind.  In addition, for the purposes of valuing improvements
to each benefits category, it is useful to think about whether a market exists to provide each good or
service that is affected.


Use benefit endpoints can embody both direct and indirect uses and include both consumptive
and nonconsumptive activities.  Direct use endpoints include those goods and services which are sold
through open markets, such as commercial fish and timber, as well as non-market goods and services,
such as recreational fishing, swimming, and boating.  Human health also represents a direct service used
or valued by mankind that can be impaired by reductions in environmental quality.  Use benefit
endpoints may also include some �passive use� or �indirect, non-market use� services, which include
services and ecological processes that indirectly benefits humans, such as providing pollination services,
wildlife habitat, flood control, or filtering run-off waters.  In most applications to pollutant reduction
scenarios, the use benefit endpoints most often examined are those related to human health risk
reductions; recreational fishing, boating, and swimming; visibility; material damages; effects on crops;
and effects on endangered species.  


Benefits analyses often are unable to quantify the effects on indirect use benefit endpoints,
although they may represent a potentially significant quantity of benefits.  This omission is due to the
difficulty in measuring (and attributing) changes to these endpoints to the action being taken to improve
environmental quality as well as the difficulty in valuing these types of uses and services.  One approach
for valuing these types of services is to link them to direct uses that can be valued.  For example, the
value of recreational fishing activities (a direct use) may increase due to improvements in the quality of
fish nursery habitat (an indirect service) provided by nearby wetlands.  This requires fairly detailed
information on the ecological relationships and interactive processes by which different functions and
services are related.


Non-use (intrinsic) benefit endpoints are values an individual may have that are unrelated to his
or her own exposure or use of any good or service.  Improved environmental quality can be valued by
individuals apart from any past, present, or anticipated future use of the goods and services affected by
changes in environmental quality.  Non-use values may be related to the desire to ensure that a clean
environment be available for the use of others now and in the future, benevolence toward friends and
relatives, sympathy for people and animals adversely affected by environmental degradation, or a sense
of environmental responsibility or stewardship.  Such non-use values may be of highly significant
magnitude in terms of the total value of preserving ecological resources, but the magnitude of changes in
non-use values and the ability to measure changes in such values from improvements in environmental
quality has been highly debated.


4.1.5 Issues Associated with Benefits Analysis


This section discusses several relevant issues and potential limitations for a benefits analysis of
an environmental regulation. 


4.1.5.1 Benefits are Anthropocentric


This conceptual economic foundation for measuring benefits is anthropocentric -- all benefits
arise from how environmental changes are perceived and valued by people in present-day values.  Thus,
all near-term and temporally distant future physical outcomes associated with reduced pollutant loadings
need to be predicted and then translated into the framework of present-day human activities and
concerns.  Furthermore, the assessment of benefits relating to changes in ecosystem function or health
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and to effects on lower-level species is severely limited in this context because of the lack of clear
relationships and information to model the relationships between these effects and changes in the values
held by mankind for related environmental goods and services.  


4.1.5.2 Aggregation Issues


There are numerous issues that arise in aggregating individual WTP estimates to develop a
national-level benefits estimate.  Although many of these issues require additional theoretical
deliberation to determine the most appropriate approach, below are three aggregation issues that warrant
consideration in the applied context of estimating benefits:
 


� How to sum benefits across benefit endpoints; 


� How to address potential double-counting when using multiple techniques to measure
the WTP for changes in related benefit endpoints or overlapping effects; and


� How to determine the affected population for calculating social WTP based on estimates
of individual WTP and how to sum WTP over the affected population.


4.1.5.3 Effect of Changes in Real Income on Valuation Estimates


A thorough benefits assessment should consider how the benefits estimates would be affected by
growth in real income.  Economic theory argues that WTP for most goods will increase if real income
increases.  Furthermore, a benefits estimate based on the change in consumer surplus is a better measure
of the change in social welfare when the demand for a particular good or service being examined does
not vary with income level.  Thus, the effect of changes in real income may also be important to the
consistency and accuracy of the benefits estimates.  Accounting for these effects requires information on
the income elasticity of the WTP estimates for specific benefit endpoints.  Therefore, future valuation
studies conducted to estimate WTP for specific benefit endpoints should include a methodology for
estimating the income elasticity associated with those WTP estimates or otherwise address the potential
impact of changes in income levels on the benefits estimates derived by that analysis.


4.1.5.4  Cumulative and Lagged Effects and the Role of Discounting


Because mercury is known to bioaccumulate over time and up through the food chain, reductions
in mercury pollution levels will have cumulative and lagged effects.  As a result, a given reduction in
pollution concentrations in one year will confer benefits not only in that year, but in future years as well
as environmental concentrations (e.g., sediment concentrations, concentrations in predator fish species)
fall over time.  Furthermore, the benefits of a reduction occurring in any single year will not be fully
realized until long after the year in which the exposure occurs.  Even though mercury emissions are
reduced, elevated levels of mercury will remain in the sediments (although concentrations will decline
over time) and continue to contribute to fish uptake and exposures up the food chain to larger species,
including humans who consume fish.  A thorough benefits assessment needs to consider the role of
lagged or future effects and determine how best to account for these types of effects.  This may include
better characterizing the stream of benefits based on scientific information on changes in environmental







      A RCG/Hagler-Bailly (1994) report says that little is understood about mercury decay rates, but cites an4


analysis by NJ DEP that suggests that it will require about 20 years to cover contaminated sediments with new
sediments to a depth of 5 cm (but offers no equations that quantify impacts during the decay period), p. IX-12.   
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concentrations over time from a specific reduction in emissions and determining an appropriate
discounting scheme for comparing changes in future effects against changes in current effects.4


 The simplest approach for a benefits analysis is to examine the total change in each benefit
endpoint if all adverse effects of exposure to elevated mercury levels are eliminated without
consideration for when, in time, these benefits will be realized.  That is, the analysis assumes that any
reductions in mercury emissions and deposition result in immediate reductions in sediment
concentrations and exposures of higher level species, including humans (i.e., not attempt to account for
delays in the realization of benefits).  Another approach might be to model the delay in the effect of
emissions reduction on exposure levels and estimate benefits as they accrue over time.


When the benefits of an action accrue over time, such as with lagged and/or cumulative effects,
the role and importance of discounting needs to be considered in the context of the benefits assessment. 
The discount rate used and the time period for comparison can have significant effects on the magnitude
of the benefits estimate and the conclusions of the benefits assessment, especially if the benefits and
costs occur in different points in time, as with lagged and cumulative benefits.  Traditionally, present
value costs and benefits have been calculated using the shadow price of capital or the consumption rate
of interest as the discount rate.  These may be appropriate or inappropriate discount rates, however,
depending on the assumptions made regarding the flow of capital and the value of future consequences
(e.g., are future values adjusted upward to reflect increased value due to increased scarcity). 
Furthermore, a different discount rate (or even no discounting) might be appropriate for intergenerational
effects.  With respect to the time period of comparison, the analysis might choose to translate future
values into present ones - the traditional approach - or alternatively, annualize the costs and benefits or
accumulate benefits (and costs) forward to some future time period.  Discounting, and other issues
including baselines, uncertainty, non-monetized effects, equity, and valuing lethal risks, are currently
being examined by U.S. EPA’s Office of Policy, Planing, and Evaluation (OPPE) in support of the
preparation of a revised guidance for preparing Economic Impact Analyses and Regulatory Impact
Analyses.  These guidelines, therefore, should be evaluated in the course of a comprehensive benefits
assessment for reducing mercury contamination.  


4.1.5.5 Variability and Uncertainty


The variability and uncertainty associated with specific estimates is an important consideration
in a thorough benefits assessments.  Variability and uncertainty are introduced in estimating emissions
changes, modeling the fate and transport of emissions (e.g., air modeling), estimating effects, and
valuing the effects (or changes in the effects).  Variability and uncertainty arise from the inherent
variation of natural processes as well as from limited knowledge about the many relationships between
emissions and exposures and effects.  Distributional information from both the risk assessment and the
economic valuation study should be carried through in the final benefits assessment.


There are several treatments of variability and uncertainty available that can be applied in the
estimation of benefits.  The appropriate approach to characterize and quantify the degree of variability
and uncertainty associated with a specific estimate will depend on the objectives of the analysis and the
needs of the decision-makers.  Depending on the particular valuation approach being used to develop a
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benefits estimate, the uncertainty and variability associated with the results of that approach might be
addressed by:


� Presenting the benefits estimates as ranges based on a plausible set of input values (e.g.,
estimated risk, economic value estimates); 


� Conducting sensitivity analyses to examine the potential variation in the benefits
estimates under different assumptions regarding the level of effects;


� Using Monte Carlo analyses or other probabilistic techniques using probability
distributions for the inputs to the analysis (e.g., risks, values) to estimate a probability
distribution for the output (e.g., benefits);


� Discussing and/or incorporating expert judgement regarding the potential range of
effects and/or benefits (e.g., Delphi methods); and/or


� Using meta-analysis to combine estimates of inputs (e.g., risks, values) or outputs (e.g.,
benefits estimates) from multiple studies. 


Accounting for uncertainty and variability can provide a more complete characterization of the
distribution of benefits than point-estimates.  Nonetheless, many sources of uncertainty will likely
remain unquantified.  Thus, qualitative descriptions of the limitations and known omissions, biases, and
data gaps are also an important component of a thorough benefits analysis. 


4.2  Benefits Assessment for Reducing Mercury Contamination


This section discusses the specifics of assessing the benefits of reducing mercury contamination
applying the concepts discussed above.  The goal is to establish a clear framework for conducting a
comprehensive economic benefits assessment.  Performing a comprehensive benefits analysis for
mercury contamination will require a coordinated effort across the Agency to take advantage of the
knowledge and ongoing work on mercury and benefits assessment within various offices.  This section
discusses the specific steps for moving forward with a thorough benefits assessment, identifies readily
available information on the effects of mercury contamination and possible approaches to assessing the
benefits of reducing those effects, and highlights relevant issues to be considered during this process.


4.2.1 Steps to a Benefits Assessment


Conducting a benefits analysis for anticipated changes in air emissions is a challenging exercise. 
Assessing the benefits of a regulatory action requires a chain of events to be specified and understood. 
As shown in Figure 4-1, which illustrates the causality for air quality related benefits, these relationships
span the spectrum of: (1) institutional relationships and policy-making; (2) the technical feasibility of
pollution abatement; (3) the physical-chemical properties of air pollutants and their consequent linkages
to biologic/ ecologic responses in the environment, and (4) human responses and values associated with
these changes.


The first two steps of Figure 4-1 reflect the institutional and technical aspects of implementing
improved process changes or pollutant abatement.  The benefits assessment framework presented in this
document begins by assuming reductions in mercury concentrations.  The estimated changes in these
concentrations are directly linked to the estimated changes in precursor pollutant emission reductions. 
The health and welfare benefits to be estimated represent the identifiable benefits expected to result from
the application of control measures.
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Figure 4-1
Example Methodology of a Benefits Analysis


Specified Target Pollutant Level


�


Expected Changes in Production Processes and/or Treatment


�


Reductions in Pollutant Emissions


�


Reductions in Pollutant Levels and Exposures


�                   �


Change in Welfare Effects Change in Adverse Human Health
Symptoms and Risk


�                                                                                            �


Change in Supply and Value of  Welfare Change in Value of Reduced Adverse
Effects Human Health Symptoms and Risk


Other information necessary for the analysis are the physical and chemical parameters and the
consequent improvement in the environment (e.g., concentration response data).  Finally, the analysis
reaches the stage at which anthropocentric benefits concepts begin to apply, such as reductions in human
health risk and reductions in fish advisories.  These final steps reflect the focal point of the benefits
analyses and are defined by the benefit endpoints described below.  Potentially relevant benefit endpoints
are described qualitatively, and where possible, quantitatively. 


4.2.2 Identification of Benefit Endpoints for a Mercury Benefits Analysis


As discussed in detail in other portions of this report, mercury contamination in the environment
presents a number of potential risks to human health and ecological resources.  The value to society of
reducing the potential risks to human health and ecological resources represents the potential benefits of
regulatory action to reduce mercury pollution.  


Benefit endpoints are defined as the specific human health or ecological resource measures by
which reductions in risk, and thus benefits, will be realized.  Tables 4-3 and 4-4 present a fairly
comprehensive list of potential benefit endpoints based on current scientific information on the
(potential) effects of mercury on human health and ecological resources.  For many endpoints, the
benefit accruing to an individual may be the reduction in the potential risk of such an adverse effect
occurring, rather than the actual reduction in the incidence of the effect.  This is particularly true for
benefit endpoints for which there is currently limited information regarding the expected extent or
magnitude of current or future effects (e.g., developmental impairment in children, reduced ecosystem
integrity, lost agricultural productivity).  There may be additional health and ecological benefits of
reducing mercury exposures, in addition to those listed here, that U.S. EPA is not currently aware of, and
thus, are not included in these exhibits.   


Tables 4-3 and 4-4, in addition to identifying specific benefit endpoints that may be examined in
future benefit analysis, provide information on possible measures of changes in each benefit endpoint
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MAJOR HEALTH EFFECTS
 OF MERCURY


� Kidney Damage


� Neurological Damage


� Developmental Effects


and on the probable magnitude of the effect associated with each benefit endpoint (e.g., size of the at-risk
population, existence of studies finding significant impacts).  In addition to starting to draw the link
between the risk assessment and the economic benefit analysis, the column on �probable measures of
change� included in Tables 4-3 and 4-4  may also serve as a starting point for identifying future data and
research needs for conducting a comprehensive benefit analysis.


4.2.2.1 Discussion of Health Effects


As discussed in more detail in Volume V of this Report,
the most significant demonstrated health effects of mercury are
kidney and neurological damage and developmental effects.


Exposure to all forms of mercury, including organic
mercury compounds, can damage the kidney.  The primary
mechanism of damage appears to be a toxic effect on the renal
tubules.  Symptoms include blood or elevated levels of protein or
cholesterol in the urine, edema, and inability to concentrate urine. 
The effects of mercury toxicity are generally reversible, but in
severe cases acute kidney failure has occurred (HHS 1994).


The nervous system is highly sensitive to mercury.  Neurological effects have been observed
following exposures to all forms of mercury through inhalation, ingestion, and dermal absorption. 
Specific symptoms include the following:


� Prickling or tingling of the skin, numbness, hyperactive reflexes, and slowed
nerve conduction velocities; 


� Tremors of the hands and sometimes other parts of the body;


� Neuromuscular effects, such as weakness, twitching, and muscular atrophy; 


� Loss of cognitive and motor function; 


� Sensory effects, including hearing loss and loss of visual field;


� Emotional instability, including irritability and loss of confidence; and


� Insomnia, memory loss, headaches, and hallucinations.
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Table 4-3 
Summary of Human Health Benefit Endpoints


Effect Target Benefit Endpoint Possible Measures of Magnitude of Effect 
Category Population(s) (Adverse Effect Reduced) Magnitude and Change (Size of At-Risk Population)


in Endpoint


Developmental/ Children exposed Delayed motor and verbal Number of incidences with One to three percent of women of
Neurological in utero development population description child bearing age (15-44) are


Young Children Potential number of than 100 g fish/day.
individuals at risk


estimated to regularly consume more


There are approximately 54 million
children under age 15 in the U.S.
(based on 1990 Census data);
approximately 665,000 are estimated
to consume an average of 100 g
fish/day.


Physical and mental
disability resulting from
damage to the central
nervous system


Acrodyma syndrome







Table 4-3 (continued)
Summary of Human Health Benefit Endpoints


Effect Target Benefit Endpoint Possible Measures of Magnitude of Effect 
Category Population(s) (Adverse Effect Reduced) Magnitude and Change (Size of At-Risk Population)


in Endpoint
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Neurological Native American Loss of cognitive and motor Number of incidences with Evidence from a study of Wisconsin
populations function population description tribes shows significant risk of


Subsistence Potential number of national estimates of risk or exposure
Fishers individuals at risk of Native American populations.


Young Children


General
Population


adverse effects (EPA 1992b).  No
Hearing and vision loss


Memory loss


Emotional instability


Insomnia


Altered reflexes, hand
tremors, weakness, twitching







Table 4-3 (continued)
Summary of Human Health Benefit Endpoints


Effect Target Benefit Endpoint Possible Measures of Magnitude of Effect 
Category Population(s) (Adverse Effect Reduced) Magnitude and Change (Size of At-Risk Population)


in Endpoint
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Kidney Toxicity Native American Temporary disability due to Number of cases with Evidence from a study of Wisconsin
populations kidney damage population description tribes shows significant risk of


Subsistence Potential number of national estimates of risk or exposure
Fishers individuals at risk of Native American populations.


Young Children One to three percent of women of


General estimated to regularly consume more
Population than 100 g fish/day.


adverse effects (U.S. EPA 1992b).  No


child bearing age (15-44) are


Permanent disability due to
kidney failure


Death due to kidney failure


Cancer General Cancer (incidence or Number of cases with Low probability of incidence given
population probability/risk) population description mercury is Class D carcinogen.


Potential number of
individuals at risk
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Table 4-4
Summary of Ecological/Welfare Benefit Endpoints


Effect Benefit Endpoint Possible Measures of Magnitude Magnitude of Effect 
Category (Adverse Effect Reduced) and Change (Size of At-Risk Population)


in Endpoint


Direct, Use Values


Recreational Fishing Reduced number of fishing trips Number of fish advisories per state Currently 39 states and some


Percentage of fishing area per state states have statewide advisories.
covered by advisory


Number of fishermen


Changes in expenditures with and
without advisory


Tribes have fish advisories; 10


Lost value per trip due to fish
advisory


Lost value due to inability to
consume fish


Commercial Fishing Lost value of fish exceeding Quantity of fish exceeding Currently 39 states and some
maximum allowable concentration allowable max concentrations Tribes have fish advisories; 10


Quantity fish demanded in
state/area with and without fish
advisory


states have statewide advisories.


Reduced demand for all fish due
to perceived health threat







Table 4-4 (continued)
Summary of Ecological/Welfare Benefit Endpoints 


Effect Benefit Endpoint Possible Measures of Magnitude Magnitude of Effect 
Category (Adverse Effect Reduced) and Change (Size of At-Risk Population)


in Endpoint
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Subsistence Fishing Lost value of fish no longer Estimated number of subsistence Evidence from a study of
consumed fishers in areas covered by fish Wisconsin tribes shows significant


advisories levels of subsistence fishing (U.S.


Reduction in fish consumption estimates of subsistence fisher
levels with and without advisories populations.


EPA 1992b).  No nationalLost nutritional value


Lost cultural value associated with
subsistence fishing activity


Timber Reduce growth/productivity of Change in growth/ productivity Unknown.  Evidence of adverse
commercial forests with different levels of exposure effect of mercury on growth rates


of plants.


Forest Recreational Reduced number and/or value of Change in health of forests/plants Unknown.  Evidence of adverse
Activities recreational activities due to with different levels of exposure effect of mercury on growth rates


reduced quality of surrounding of plants.
plants


Agricultural Reduced growth/productivity of Change in growth/ productivity Unknown.  Evidence of adverse
crops with different levels of exposure effect of mercury on growth rates


of plants.







Table 4-4 (continued)
Summary of Ecological/Welfare Benefit Endpoints 


Effect Benefit Endpoint Possible Measures of Magnitude Magnitude of Effect 
Category (Adverse Effect Reduced) and Change (Size of At-Risk Population)


in Endpoint
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Recreational/Commercial Reduced or lost commercial value Change in population and/or catch Unknown.  Evidence of effects on
Hunting/Trapping of target species rate for target species furbearers and larger mammals,


Change in participation rates changes in population numbers
but lack hard evidence linking


with mercury exposure levels.


Approximately 10 million mink
live in the North American
continent and 300 thousand river
otters live in the U.S.


Reduced value of recreational
hunting/trapping activity with
reduced population of target
species


Recreational Bird Reduced number of trips for target Change in population and/or catch Unknown.  Evidence of effects on
Hunting species rate for target species. some bird species, but lack hard


Change in participation rates. population numbers for target
evidence linking changes in


species with mercury exposure
levels.


An estimated 10 to 12 thousand
eagles, 10 to 20 thousand osprey,
and 170 thousand belted
kingfishers  inhabit the lower 48
United States.


Lost value per trip due to
reduction in target species







Table 4-4 (continued)
Summary of Ecological/Welfare Benefit Endpoints 


Effect Benefit Endpoint Possible Measures of Magnitude Magnitude of Effect 
Category (Adverse Effect Reduced) and Change (Size of At-Risk Population)


in Endpoint
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Bird/Animal Viewing Reduced value of recreational Change in population and/or view Unknown.  Evidence of effects on
activities with lower probability of rate for target species. some bird and animal species, but
viewing target species: lack hard evidence linking
     - Florida panther Change in participation rates. changes in population numbers for
     - Wood stork target species with mercury
     - Loons exposure levels.
     - Eagles, osprey,  kingfisher
     - Furbearers (e.g., minks, See above population estimates
otters) for some specific species.
     - Other


Indirect Use and Non-Use Values


 Cultural/Religious Value Reduced cultural/religious value Contamination levels of Unknown.  Recent studies of
due to fish advisories, not �traditional� waters and/or species Wisconsin tribes indicate
associated with use cultural/religious impacts may be


significant.


Existence Value of Adverse effects on specific Change in populations Unknown.  Some evidence of
Specific Species species (individuals and negative effect of mercury
(includes option value, populations): Change in reproductive success exposure in certain species, on an
bequest value, scarcity      - Florida panther (survivorship of young) individual level.  Little known on
value, as well as      - Wood stork population effects.
existence value)      - Loons Change in mortality rates


     - Eagles, osprey,  kingfisher See above population estimates
     - Furbearers (e.g., minks, for some specific species.
otters) 
     - Other







Table 4-4 (continued)
Summary of Ecological/Welfare Benefit Endpoints 


Effect Benefit Endpoint Possible Measures of Magnitude Magnitude of Effect 
Category (Adverse Effect Reduced) and Change (Size of At-Risk Population)


in Endpoint
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Biodiversity Adverse effect on biodiversity Change in number of viable species Unknown.  Some evidence of
in an area negative effect of mercury


exposure in certain species, on an
individual level.  Little known on
population effects.


See above population estimates
for some specific species.


Stewardship Value Adverse effects on specific Change in atmospheric/ Unknown.  Some evidence of
(includes moral species or in general deposition levels and/or water negative effect of mercury
obligation to reduce concentrations exposure in certain species, on an
harm to ecological individual level.  Little known on
resources) Change in body concentration population effects.


levels
See above population estimates
for some specific species.


Preservation of Adverse effect on ecosystem Change in predator/prey Unknown.  
Ecosystem Health health populations
(includes maintaining the
integrity of predator/prey Change in other measures of
relationships) ecosystem health.
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Some of these neurological effects may be reversible if the source of mercury exposure is
removed.  However, some changes may be permanent; autopsies have shown degenerative changes to the
brains of some patients poisoned by mercury.


Mercury, especially ingested organic mercury compounds, is particularly toxic to developing
nervous systems.  Effects on exposed fetuses and children can range from delayed motor and verbal
development to severe brain damage.  Infants born to mothers exposed to mercury over long periods or at
high levels show permanent damage to the central nervous system, including mental retardation and
symptoms similar to cerebral palsy (HHS 1994).  A study of a population in New Zealand observed an
inverse correlation between IQ in children and hair mercury levels in their mothers (Kjellstrom, et. al.,
1989).


Mercury has not been demonstrated to cause cancer in humans.  Some animal studies have
suggested that mercury may cause tumors in mice or rats; however, no similar effects have been
documented in people.  U.S. EPA's cancer classification for mercury is D ("not classifiable") (HHS
1994).  Mercury exposure generally does not lead to death from other causes either.  Infrequently,
inhalation or ingestion of very high doses may lead to death from respiratory failure, kidney failure,
cardiovascular collapse, severe gastrointestinal damage, or central nervous system toxicity (HHS 1994). 
However, such effects are not expected to occur from exposure to the levels of mercury currently present
in the environment in the United States.


4.2.2.2 Discussion of Ecological Effects


Mercury can adversely affect ecological systems at various levels of organization:  the individual
organism level, population level, and community or ecosystem level.  While the effects to populations,
communities, and ecosystems are of primary concern for most species, individual effects are also of
interest because they may cause effects at higher levels of organization, especially population effects in
vulnerable or reduced populations such as threatened and endangered species, raptors, and furbearers.


Effects of mercury on individual organisms are the effects most commonly tested and reported in
the literature.  Exposure to mercury has been found to cause adverse effects in plants, birds, fish, and
mammals.  These effects vary among different types of organisms.  Individual effects on fish include
death and sublethal effects, such as reduced reproductive success, impaired growth and development,
altered blood chemistry, osmoregulatory effects, effects on oxygen exchange, and behavioral
abnormalities that can reduce ingestion rates and predatory success.  In birds, mercury can cause death or
sublethal effects, including liver damage, kidney damage, neurobehavioral effects, effects on enzyme
systems, reduced cardiovascular function, impaired immune response, reduced muscular coordination,
impaired growth and development, altered blood and serum chemistry, and reproductive effects. 
Reproductive effects are of primary concern in birds (especially in raptors) and can occur at mercury
levels in the diet one-fifth of the lethal dose.  Effects of mercury on mammals include death, reduced
reproductive success, renal damage, and neurological effects, such as paresthesia, visual disturbances,
mental disturbances, hallucinations, ataxia, hearing defects, stupor, and coma (Roelke et al. 1991, Eisler
1987, Klaassen et al. 1986).  Mercury effects on plants include decreased growth, root damage, and
decreased photosynthetic activity (Eisler 1987, Lindqvist et al. 1991).


Population effects are less studied, but can include increased mortality rates (in any exposed
populations) and decreased reproductive rates (particularly in bird and mammal populations).  For
example, methylmercury can cause embryo death in bird eggs (Lindqvist et al. 1991).
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Very little information is available on the effects of mercury on communities and ecosystems.  In
general, mercury may be expected to have a significant effect on communities and ecosystems because
there is evidence that mercury can have adverse effects on all components of an ecosystem and because
mercury biomagnifies up the food chain.  Thus, mercury may have greater impacts on top-level
predators, which may distort community or ecosystem relationships.


Volume VI presents the results of the ecological risk assessment for anthropogenic mercury
emissions.  Volume VII presents estimates of the size of the piscivorous wildlife populations (for select
species) potentially affected by mercury contamination.


Effects on Fisheries


Economic and social values associated with fisheries can be grouped into five general categories: 
commercial, recreational, subsistence, cultural, and non-use values.  Mercury and other toxic
contaminants can decrease these values by reducing U.S. fishing opportunities and reducing the quality
of the fishing experience.  


One concrete way in which fishing opportunities may be reduced is through fish consumption
bans or advisories, enacted by the Food and Drug Administration (FDA) (bans on sale of fish with
mercury concentrations in excess of 1 ppm) or by state governments (advisories and bans on recreational
and subsistence fishing).  Mercury fishing bans can reduce dollar values associated with commercial
fisheries directly, when fish are illegal to sell, or indirectly, when public perceptions that fish are
undesirable to buy and eat lowers the market value of fish not covered under a ban (NWF 1993).  Both of
these effects lead to a decline in the economic benefits derived from a commercial fishery.  


Mercury contamination and advisories can reduce the recreational value associated with fishing
because anglers may react by:


(1) Ceasing fishing, thus relinquishing the total value of the fishing experience;


(2) Changing to new fishing locations or new species of fish, presumably reducing the value
of the fishing experience;


(3) Catching and releasing fish, presumably reducing the value of the fishing experience; or


(4) Ignoring the advisory, potentially resulting in increased health risks (see Section 4.2.2.1).


Mercury contamination and advisories can decrease the value of subsistence fisheries by causing
subsistence fishers to switch to substitute foods, which cost more or are less enjoyable, or forgo
consumption (representing nutritional losses if substitute foods are not purchased).  Cultural values
associated with fishing can be reduced by mercury contamination and advisories by diminishing or
banning traditional fishing and fishing-related activities.  Non-use values may be reduced by the
willingness of non-users to pay simply to know that waters are fishable (and/or less polluted in general).


Fishing Bans and Advisories Due to Mercury Contamination.  Mercury is the only metal that the
FDA regulates in fish.  FDA presently bans the commercial sale of finfish or shellfish when mercury
levels in tissue exceed 1 �g mercury/g tissue (i.e., 1 ppm). 
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Some states use the FDA's limit of 1 ppm mercury in fish tissue as a trigger for issuing
consumption advisories, but many other states have lower trigger levels, commonly 0.5 ppm.  Though
fish consumption advisories and bans vary from state to state, they generally:


  (1) Provide information to recreational and subsistence anglers about contaminant levels in
finfish and shellfish caught from specific water bodies; and


  (2) Recommend how much fish tissue from particular fish species the general population
and specific subpopulations should consume.


State mercury fish advisories often provide more stringent consumption recommendations for
sensitive subpopulations, such as children.  Because mercury can pass through the placenta or mother's
milk to sensitive fetuses or infants, stringent consumption recommendations are often provided for
pregnant women, nursing women, and women who plan to have children. 


There are currently 39 states that have at least one waterbody under mercury advisory; 10 of
which have state-wide advisories in place.  Chapter 3 of Volume 3 provides a detailed discussion of fish
advisories and mercury concentrations in various types of fish. 


Effects on Threatened and Endangered Species


Effects of mercury on individual members of threatened and endangered species are of particular
concern.  Population numbers of these species are so low that effects on an individual animal or plant can
translate into an important effect on the species population and even the community as a whole.  For
example, the death of one reproductive female in a population including only three reproductive females
could be a major step toward extinction from the region or global extinction of that species.  Extinction
of the species (e.g., a top predator species) could in turn change the community's species composition
dramatically. 


Benefits of preserving species from extinction fall into four categories (FWS 1993b):


� Protection of ecosystem integrity.  Protecting natural diversity protects the integrity of
ecosystems.  Moreover, the decline of a sensitive species can alert us to the decline of
the entire system.  For example, the rapid decline in raptors such as bald eagles and
peregrine falcons served to alert humans to previously unforeseen adverse effects of the
pesticide DDT.


� Preservation of human uses.  Plants and animals can provide a wide variety of known
and as-yet-undiscovered uses for humans, including agricultural, medicinal, and
industrial uses.  Some plants and animals also provide the service of cleaning our
environment.  For example, filter feeders, such as the endangered Higgins' eye pearly
mussel, improve water quality.


� Maintenance of human aesthetic pleasure.  Many people prize threatened and
endangered species for their aesthetic values, to be enjoyed by themselves as well as
generations to come.


� Moral and responsible stewardship.  Some believe that humans have a stewardship
obligation to prevent our activities from exterminating other forms of life.
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Effects on Other Species


Many of the benefits of reducing adverse effects described above for threatened and endangered
species are expected to also apply to other related species (e.g., other bird and mammal species).  At this
time, however, there is little known about the actual individual or population effects of mercury
contamination on other non-threatened or endangered wildlife and plant species.  With respect to non-
threatened or endangered wildlife species, individual effects are less important than population effects. 
For example, if one bird in a population of 1,000 is adversely affected by mercury contamination, no
population effects would be expected.  However, if 500 out of 1,000 birds experienced an adverse effect
such as decreased reproductive success, the reproductive rate of the population as a whole would decline,
and the population could be substantially affected.


Ecosystem and Community Effects


Mercury effects on higher levels of organization (i.e., communities and ecosystems) are not well
studied.  The few studies that have examined indicators of ecological health in mercury-contaminated
ecosystems provide no strong evidence of mercury damage to community and ecosystem parameters
(e.g., productivity, species diversity). 


The CAA and other statutes, through the requirements to protect natural and ecological systems,
indicate that these are scarce and highly valued resources.  In a recent attempt to estimate the �marginal�
value (changes in quantity or quality) of ecosystem services, Costanza et al. (Nature, 1997) state that
policy decisions often give little weight to the value of ecosystem services because their value cannot be
fully monetized or quantified in commercial market terms.  Costanza et al. warn that �this neglect may
ultimately compromise the sustainability of humans in the biosphere.�  Lack of comprehensive
information, insufficient valuation tools, and significant uncertainties result in understated ecological
benefits estimates.  However, a number of expert biologists, ecologists, and economists (Costanza, 1997)
argue that the benefits of protecting natural resources are enormous and increasing as ecosystems
become more stressed and scarce in the future.  Just the value of the cultural services (i.e., aesthetics,
artistic, educational, spiritual and scientific) may be considered infinite by some, albeit in the realm of
moral considerations.  


4.2.2.3  Ancillary Benefits of Reducing Mercury Contamination


The ancillary benefits associated with reducing mercury contamination will depend on the types
of controls used to reduce mercury emissions and exposures and how and where those controls are
implemented.  Because this analysis does not examine a specific control strategy for reducing mercury
contamination, this benefits analysis does not consider the role of ancillary benefits, which potentially
could be quite significant.  A thorough benefits assessment conducted to help evaluate alternative control
strategies should, however, thoroughly examine, quantify, and, when possible, monetize the ancillary
benefits associated with each control strategy.  These ancillary benefits can then be added to the benefits
of the reduction in mercury achieved by the control strategy and weighed against the cost of the
alternatives in selecting the most cost-effective approach.  


4.2.3 Measuring Improvements to Benefit Endpoints


The extent to which improvements resulting from reduced mercury exposure for each specific
benefit endpoint (i.e., reduction in the negative effect for each benefit endpoint described in Tables 4-3
and 4-4 can be measured and monetized will vary significantly.  As a result, only some of the relevant
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Effects of Mercury Contamination on Cultural Values


In 1991 and 1992, U.S. EPA and the eleven Native American Tribes in the State of Wisconsin
conducted a comparative risk project to evaluate environmental risks faced by the Tribes (U.S. EPA 1992b). 
The Agency attested that the common methods for evaluating economic and social damages by converting
them to dollar values were inadequate when dealing with non-market and difficult-to-price activities such as
damages to subsistence fishing and associated cultural losses.  Instead, a qualitative approach was used to
evaluate losses.  U.S. EPA (U.S. EPA 1994b) made two important observations relevant to mercury
contamination from air emissions:


(1) Nonpoint source contamination was the most important source of social and economic
damages; and


(2) Increases in fish consumption advisories cause substantial damage to cultural values.  (Note
that the majority of the fish consumption advisories in Wisconsin are for mercury).


U.S. EPA also noted that the top three social and economic damages to the tribes were (1) diminishment of
cultural and religious values; (2) damage to subsistence activities (e.g., subsistence fishing); and (3) damage to
natural resources in commercial use.  Fishing plays a role in all three of these areas.  With respect to cultural
values, for centuries the Wisconsin Native Americans have built traditions around spearing fish and sharing
the catch.  Growing concerns about limiting fish consumption and limiting the locations where fish may be
caught seriously impede the Tribe's traditions. 


human health and welfare effects will be quantified (expressed in terms of incidences reduced) and
monetized (expressed in terms of dollars) in the benefits analysis.


The ability to measure the benefits of reducing the risks to a particular benefit endpoint depends
on the availability of appropriate scientific information to discern the relationship between changes in
mercury exposure and subsequent effects on the endpoint.  Although current scientific information may
be useful in identifying a specific benefit endpoint, the lack of more detailed scientific (e.g., specific
concentration-response relationships, values associated with specific injuries) often prevents
quantification of the benefits for a specific endpoint.  The benefits analysis should push to quantify the
potential range and magnitude of the effects whenever possible.  Elicitation of expert opinion is one
possible approach for identifying the potential magnitude of a specific effect.  In such situations,
however, the thorough treatment of the variability and uncertainty surrounding any assumptions used in
the analysis becomes an integral part of the benefits assessment (see Section 4.1.5).  Any benefit
categories that remain unquantified should also be included in the benefits assessment when evidence in
the scientific literature supports a reasonable connection between mercury exposure and the effect. 
Some cultural and religious values, for example, cannot typically be adequately addressed using
currently available methods for quantifying and monetizing such values (see text box below).


Monetization of the quantified benefits depends on the availability of the necessary data and an
appropriate economic valuation technique.  Because many pollution effects (e.g., adverse health or
ecological effects) traditionally have not been traded as market commodities, economists and analysts
cannot look to readily available information on changes in prices and quantities to estimate the value of
these effects.  For non-marketed effects, the analysis can use any number of available economic
approaches (discussed in Section 4.1.3) for estimating monetary value of reducing adverse effects to
specific benefit endpoints.  The benefits analysis is often limited, however, in terms of the number of
non-marketed effects that can be studied in detail.  Thus, the benefits assessment will need to focus on
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those effects that are expected to be the most significant in terms of magnitude and value.  Also,
concerns about double-counting or an overlapping of effect categories might lead to a decision to omit a
particular benefits category from the aggregation scheme. 


The result is that the benefits assessment may have potentially significant gaps in the benefits
calculations, due to the omission of many benefits categories from the estimation of monetized benefits,
which leads to an underestimation of the monetized benefits presented.  The effect of the underestimation
is to limit the conclusions that can be reached regarding the monetized benefits and net benefits estimates
of mercury reductions.


4.2.3.1 Establishing a Baseline for Measuring Benefits


An integral step in conducting a benefits assessment is selecting the baseline from which the
benefits are measured.  An appropriate baseline for the assessment of the benefits of additional controls
on mercury emissions might be full or current state of compliance with all current regulations.  U.S. EPA
will need to determine to what extent the baseline for measuring benefits should change over time to
account for those regulations which are not currently fully effective, such as the Acid Rain Program, new
MACT standards, and the new ozone and particulate matter (PM) NAAQS.  Assumptions regarding how
society will respond to these regulations can have a significant impact on the magnitude of the estimated
costs and benefits of requiring additional mercury controls.  For example, SO  emissions controlsx


expected to be applied for the purpose of implementing the PM  standard are expected to result in2.5


considerable reductions of mercury emissions (by at least 16 percent).  The magnitude of the potential
benefits will also depend on the growth rate assumptions for the major source and area categories for
mercury as well as the mercury emissions inventory estimates used in establishing the baseline and
estimating changes in emissions under alternative control strategies.   


The benefits analysis might initially consider the total potential social benefits of reducing
mercury exposures without accounting for how those reductions may be achieved (i.e., not measuring
from a baseline which nets out reductions from existing regulations as described above).  Such an
analysis would examine currently observed effects without considering future reductions that may occur
as a result of recently promulgated regulations.  Under that approach, however, it is not appropriate to
consider the total reduction of the effects and the estimated monetized benefits of reducing those effects
as the potential benefits of additional controls to reduce mercury emissions; some of those benefits are
likely to be realized from full compliance with existing and recently promulgated regulations. 
Alternatively, a more detailed benefits analysis can be conducted that focuses on the estimated benefits
of specific approaches for reducing mercury emissions (e.g., specific regulatory requirements).


4.2.3.2 Use of Modeling to Predict Baseline Effects and Changes in Effects


Predicting baseline mercury emissions and exposures and changes in emissions and exposures
under alternative control strategies will require the use of a model that can trace out the effect of a
change in mercury emissions on atmospheric methylmercury concentrations (and concentrations of other
mercury compounds) and the resulting deposition and loadings to water bodies.  Preferably, this model
will also estimate the resulting changes in exposure levels (e.g., changes in fish tissue concentrations)
over time, and possibly also changes in effects as measured by the specific benefit endpoints. 
Accomplishing this last step, estimating changes in exposures and effects, most likely will require that an
atmospheric model be linked to an available or developed fate and transport and effects model(s).  A
model developed for estimating the benefits of reducing mercury emissions will need to account for
biogenic and geogenic levels of mercury as well as anthropogenic contributions in determining
atmospheric and water body concentrations of methylmercury (and other mercury compounds).  In
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addition, the atmospheric, exposure, and effects model(s) should be based on verifiable linkages between
emissions, methylmercury concentrations (and concentrations of other mercury compounds), exposures,
and effects.   


A baseline mercury emissions inventory, as well as alternative inventories under a specific
control strategy(ies), will also need to be developed to support the modeling effort.  The development
and verification of an appropriate atmospheric, exposure, and effects model(s) and emissions inventory is
a time and resource intensive activity.  As a result, it may require several years to establish a defensible
modeling approach for use in a thorough benefits analysis for reducing mercury emissions.  It may be
possible, however, to use currently available models, with some additional validation for mercury
emissions, exposures, and effects, to develop preliminary estimates or bounds for a rough �order of
magnitude� benefits assessment.  Using current models may be acceptable if the potential error
associated with those models can be quantified and represented in the benefits assessment.  Furthermore,
the uncertainty introduced through the modeling needs to be considered in relation to the potentially
large amount of uncertainty associated with the estimated magnitude of the effects on the benefit
endpoints and any estimated values associated with those effects.  


4.2.4 Selecting an Appropriate Valuation Approach/Technique for Each Benefit Endpoint


The scope of the future benefits analysis is to estimate national-level benefits associated with
reducing mercury contamination.  The national-level social benefits associated with a change in the
environment is the sum of the change in each individual’s willingness to pay (WTP) for those goods and
services affected by the change across all individuals and all goods and services (see discussion in
Section 4.1).  As previously discussed, there are a wide variety of economic valuation techniques that can
be used to estimate WTP for a change to a specific benefit endpoint (i.e., a specific good or service). The
analyst must select the most appropriate technique or approach for estimating WTP for each endpoint
given the type of benefit endpoint being valued, the data available regarding the change in the use of or
demand for the endpoint, and the time and resource constraints imposed on the benefits assessment.  


For some endpoints, a combination of techniques might be applied to estimate the WTP to
protect or improve that endpoint.  For example, different techniques can often be applied to the same
problem with each offering slightly different information and introducing different uncertainties or
errors.  Thus, when applicable, the use of multiple techniques may provide better information to quantify
the range of possible benefits.   


The remainder of this section discusses some of the approaches and techniques that can be used
to estimate monetary benefits for specific human health and ecological benefit endpoints.


4.2.4.1  Human Health Related Benefits


The economic value of changes in human health effects from mercury exposure should reflect
the full costs to the affected individual and society.  Health effects can lead to lost wages, medical
expenses, and lost productivity, which can be readily measured in dollars, but also to pain and suffering
and inconvenience to others, which is more difficult to measure.


There are two primary approaches that are used to measure the economic value of health effects. 
One is to measure the effects of illness that are directly observed in the marketplace, such as lost wages
and health care costs.  This can be called the "cost of illness" (COI) approach.  An advantage of the COI
approach is that economists can rely on observed human behavior.  In addition, the data are not usually







      To the extent that an individual pays it:  if some of the costs are borne by society but not by the individual (e.g.,5


they are paid by insurance) then the total cost to society may exceed the individual's WTP.


      Hagler Bailly Consulting, Inc.,  November 1994. The New York State Externalities Cost Study, p. X-30.6


      See for example:  Loehmann et al. (1979) for respiratory symptoms, and Miller (1989) for other health effects,7


including injuries.
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difficult to collect.  This method is commonly accepted by many researchers in the health care industry
because it provides estimates for the value of a wide range of health effects.  


The other approach is to measure the total value of health effects, by estimating people's
willingness to pay (WTP) to avoid them.  The WTP measure should include the cost of illness , but also5


includes less tangible values such as pain and suffering.  WTP provides a more complete estimate than
COI of the economic value of health effects, but it is more difficult to measure.  Because of this, several
studies have estimated WTP/COI ratios that can be used to estimate the social WTP for human health
effects from COI information.  One report, which reviewed three of these studies, recommended a
WTP/COI ratio of 2.0 for non-cancer adverse health effects associated with exposure to ozone and PM.6


As discussed earlier, there are many approaches to measuring WTP.  Two techniques that are
used for estimating WTP for reducing adverse health effects are contingent valuation and revealed
preference.  Contingent valuation (CV) approaches use sophisticated survey techniques to elicit people's
WTP to avoid health effects.  Correct application of CV techniques is required, however, to obtain valid
and reliable WTP values.  Although CV has been increasingly accepted in recent years, its application
remains controversial.  Potential biases in willingness to pay estimates derived by CV include:
hypothetical bias, strategic bias, starting point bias, vehicle bias, and information bias.


Because environmental mercury exposure is unlikely to have fatal effects, values for reducing
the risk of death are not useful for estimating the social cost of mercury pollution.  Less information is
available on the value of nonfatal effects (or morbidity), though some studies have been conducted on
health effects like nonfatal injuries, bronchitis, hospital visits, and respiratory symptom days.  Values for
these effects can range from a few dollars for a day of respiratory symptoms to several million dollars for
severe, disabling injuries.   7


Thus, in terms of developing estimates of the value of reducing the incidence and severity of the
adverse health effects associated with mercury exposure (e.g., kidney damage, neurological damage, and
developmental effects), future benefits analyses might involve:


� Conducting original analyses, such as contingent valuation surveys, to estimate the value
of reducing the risk of the major health effects associated with mercury; 


� Identifying existing studies of the WTP to avoid these types of health effects and
conducting a benefits transfer analysis to estimate the benefits associated with reducing
the incidence or severity of such effects by reducing mercury contamination (studies of
the benefits of reducing health effects associated with exposure to high levels of lead, for
example, might provide good estimates of the value of reducing similar adverse health
effects); 







      The model referenced here was developed by Hagler Bailly to estimate the human health externality costs8


associated with mercury emissions from electric utility boilers in New York.  See Hagler Bailley, November 1994. 
New York State Environmental Externalities Cost Study, Report 2: Methodology., EP 91-50, Final Report,
November 1994. 
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� Gathering detailed COI information on the health effects associated with mercury
exposure and other data necessary to determine the extent to which those effects can be
attributed to elevated mercury concentrations; 


� Adapting existing models, which currently estimate and value human health effects on a
local or regional level, to estimate national level reductions in associated human health
effects and the associated benefits.  For example, a model developed to estimate the
value of human health effects from mercury emissions from utility boilers in New York
could potentially be generalized and linked to other existing emissions, transport, and
deposition models.8


Table 4-5 presents some possible approaches, using the techniques described above, for estimating the
benefits of reducing mercury contamination levels.  


Example Health Risk Valuation Study


One study of the benefits of the Great Lake Water Quality Initiative did not specifically address
mercury, but did discuss potential values of reducing toxic contamination in general (NWF 1993).  One
study examined the effects on the intelligence and development of children, which could be related to
mercury.  The study suggested that higher IQS and fewer developmental problems would lead to greater
happiness for children and their families, as well as savings in health and educational expenditures.  One
methodology for measuring the benefits of reduced effects on children is suggested:  the "human capital"
approach.  The underlying premise of this approach is that, if eliminating toxics eliminates
developmental and learning deficits, then it will lead to increased productivity in later life and associated
benefits to the individual and to society.  The study cites a 1991 U.S. EPA analysis of the effects of lead
poisoning that showed a lifetime loss in wages of 1.76 percent for each IQ point lost.


4.2.4.2 Welfare or Ecological Benefits


The economic value of changes to a specific welfare or ecological benefit endpoint should
include the full social value (i.e., both private and public benefits) of improvements or reduced potential
for adverse effects resulting from the reduction in mercury contamination levels.  As discussed
previously, estimating individual willingness-to-pay (WTP) for a change is the approach used by
economists to value the potential changes to welfare or ecological benefit endpoints.  As previously
noted, there are many different techniques and approaches used to estimate WTP, which vary by their
level of accuracy, ease in estimation, and data needs.  


In previous analyses, U.S. EPA has used several approaches to measure the economic value of
welfare and ecological effects that may be applicable to future mercury benefits assessments.  These
approaches include: 


� Benefits transfer analyses to develop national benefits estimates using estimated WTP
from previous studies that looked at similar effects for a specific location; 
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Table 4-5
Examples of Potential Approaches for Future Benefits Analyses


Benefit Endpoint Technique Used Possible Approach


Human Health - Child Benefits Transfer Use benefit analyses (i.e., benefit functions or WTP estimates) conducted in support
Development and IQ of lead regulations that analyzed the value of reducing the adverse effects of elevated


lead exposure on child development and IQ and neurological effects.  To the extent
that lead and mercury exposure result in similar adverse health effects in similar at-
risk populations, the benefit estimates for reducing lead exposures may be applicable
in a benefits transfer analysis estimating the benefits of reducing mercury exposures. 
At a minimum, information would be needed on the at-risk populations and
incidence rates or risks for both lead and mercury exposure, and WTP estimates to
reduce incidence and/or the risk of incidence of those adverse effects from lead
exposure that are comparable to mercury exposure.  


Variable - May Revealed preference, for Future benefits analyses could possibly use the cost of remedial actions (if the
Encompass Various assigning site-specific actions are in fact taken) to reduce mercury exposures as a minimum measure of the
Ecological, Welfare, benefits, and benefits benefits expected to accrue to society as a result of reducing mercury contamination. 
and Human Health transfer, to develop a The assumption in using this technique is that people will only choose to undertake
Benefit Endpoints national-level estimate of an expensive remedial action if the expected benefits of doing so, in terms of reduced


benefits human health and ecological effects, are greater than the expected costs of the action. 
In this way, society �reveals� its preferences and its willingness to pay to reduce
adverse effects.  One possibility for applying this approach to a mercury benefits
analysis is to use Superfund cleanup cost information for sites with significant
mercury contamination levels.  Application of this approach requires detailed
information on the potential reduction in adverse effects with the remedial action and
possibly other data to use the site specific benefits to develop a national-level
benefits estimate.







Table 4-5 (continued)
Examples of Potential Approaches for Future Benefits Analyses


Benefit Endpoint Technique Used Possible Approach
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Lost Value of Original contingent Future benefits analysis might involve an original contingent valuation study to
Recreational Fishing valuation analysis estimate the reduction in the value of a fishing trip experienced by recreational
Activity due to fishermen due to the fact that they cannot consume (or have to reduce their
Inability to Consume consumption) the fish they catch in areas affected by mercury fish advisories.
Catch under a Fish
Advisory


Recreational Fishing Benefits Transfer Future benefits analysis could develop national benefits estimates based on the
estimated change in the value of a fishing day associated with reducing contaminant
levels from other analyses.   Previous U.S. EPA analyses have used results from an
analysis by Lyke (1992), which estimated that a �contaminant free� fishery in
Wisconsin would result in an increase in the value to recreational anglers of 11 to 31
percent.  Such an analysis would require an assumption regarding what percentage of
this increase in value should be associated with reducing mercury fish advisories,
information on the total value of U.S. fisheries under current (or baseline) conditions,
and additional data to develop a national estimate, such as the percentage of fish
advisories in each state due to mercury contamination, percentage of number or
acreage of fishing areas affected by mercury advisories, and number of registered
fisherman per state.
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� Original analyses using models to predict changes in yield and value of timber and
agricultural products; 


� Revealed preference approaches looking at current expenditures to reduce pollution
effects as an estimate of the minimum value of reducing pollution effects; and


� Estimated cost savings associated with avoiding damages (this approach is similar to the
cost of illness approach for estimating WTP for health effects).


Table 4-5 presents some possible approaches, using the techniques described above, for estimating the
benefits of reducing mercury contamination levels.  For many of the ecological/welfare benefit endpoints
identified in Table 4-4, the potential for significant benefits associated with reducing mercury
contamination levels is clear. With respect to fishing-related activities, in particular, the potential for
benefits (i.e., increased value of fishing activities and values) has been demonstrated for specific states. 
Currently, however, the national magnitude of the economic and social benefits associated with reducing
mercury contamination in fisheries, as well as other benefit endpoints, has not been estimated.  In fact,
very little information exists on the potential fisheries and other ecological/welfare related benefits that
could be specifically attributed to reducing mercury contamination. 


Example Welfare or Ecological Effects Valuation Studies


Arkansas Recreational Fisheries.  The Arkansas Game and Fish Commission is the only agency
contacted (of six different states and three federal agencies contacted for this report) that had attempted
to quantify fishing-related dollar losses due to mercury contamination as of 1994.  The Commission
estimated a loss of fishing expenditures due to mercury fish consumption advisories of over $5 million
dollars from 1991 to 1992.  This loss was estimated based on decreases in fishing license purchases in
counties where mercury advisories were issued, multiplied by the average number of trips an angler takes
per year, and by the average per-trip expenditures.  The Commission has not published its findings
(Armstrong 1994).  Changes in expenditures, however, represent changes in welfare.


New Jersey Quality of Life.  The New Jersey Department of Environmental Protection and
Energy concluded in its 1994 report Task Force on Mercury Emissions Standard Setting:  Final Report
on Municipal Solid Waste Incineration that reducing municipal solid waste mercury emissions will
improve the "quality of life" in New Jersey by decreasing the accumulation of mercury in aquatic
systems.  The Department, however, did not attempt to quantify these benefits.  Changes in expenditures
do not, however, represent changes in welfare.


4.2.4.3  Conclusions


As in previous benefits analyses, the benefits assessment for mercury is expected to need to
focus on a few of the benefit endpoints listed in Tables 4-3 and 4-4, based on the expected magnitude
and value of the potential benefits associated with each endpoint.  It is expected that future analyses to
assess the benefits of reducing mercury, in terms of reduced effects on human health and
welfare/ecological benefit endpoints, would rely primarily on benefits transfer analysis.  As feasible, the
benefits transfer analyses may be supplemented with alternative analyses, possibly involving original
analysis, estimated cost savings, and/or revealed preference approaches, for certain benefit endpoints.  


In considering the ideas described here, particularly those examples discussed in Table 4-5, it is
important to note that there are certainly many other possible analyses that can be conducted as part of
future benefits assessments for reducing mercury.  Thus, an early step in a future comprehensive benefits
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assessment should be the identification and evaluation of all possible approaches for estimating the value
of improvements or reduced risks to the specific benefit endpoints on which the analysis chooses to
focus.
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5. MERCURY CONTROL STRATEGIES


There are a number of laws, regulations and other initiatives designed to control mercury uses,
releases to the environment and exposures among people and ecological receptors.  Many of these
programs have a direct bearing on the extent and effects of mercury emissions to the atmosphere.


This chapter summarizes existing and emerging authorities and activities that influence mercury
emissions.  This review is not intended to be comprehensive or complete, but rather focuses on major
federal initiatives, international activities and relevant activities in selected states (principally states in
the Great Lakes region).  The chapter starts with an overview of ongoing federal, international and state
activities in Section 5.1.  Management alternatives and statutory authorities for controlling mercury
emissions under the Clean Air Act are then presented in Section 5.2.


5.1 Ongoing Federal, International and State Activities


Mercury regulation and control spans multiple federal and state statutes.  Ongoing programs to
control mercury uses, releases and exposures under a spectrum of environmental laws are summarized
below.


5.1.1 Federal Activities


Several federal agencies have authority and responsibility for controlling mercury uses, releases
and exposures.  For example, U.S. EPA has addressed for many years and continues to address the risks
posed by mercury through regulations designed to limit releases to air, water and land.  The Food and
Drug Administration (FDA) regulates mercury in cosmetics, food and dental products.  The Occupational
Safety and Health Administration (OSHA) regulates mercury air exposures in the workplace.


Table 5-1 summarizes major federal activities to control mercury uses, releases and exposures. 
In general terms, these activities can be grouped into environmental media standards, use- or release-
related regulations and other standards and programs.


� Environmental media standards are numeric criteria that specify a maximum acceptable
mercury concentration for different media, based on scientific or risk-based criteria. 
These standards have an indirect effect on individual sources.  For instance, mercury
standards shown in Table 5-1 for different media influence how much mercury different
sources can release into the environment, both individually and cumulatively.


� Use- or release-related regulations have a direct effect on sources that use mercury or
release mercury into the environment.  These regulations specify, for individual sources
or types of waste materials, the conditions associated with mercury disposal and release. 
Additionally, these regulations specify the conditions associated with using mercury in
the manufacture of different products (batteries, paints, pesticides, etc.).


� Other regulations designed to limit mercury exposures in the workplace and during
transportation.
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Table 5-1
Federal Mercury Controlsa


SPECIFIC SOURCES/FOCUS CONTROL/ACTION


ENVIRONMENTAL MEDIA


Drinking Water � Maximum contaminant level (MCL) = 0.002 mg/L (40 CFR 141.62, 21 CFR 103.35).


Surface Water � Ambient Water Quality Criteria; water and organisms = 0.012 µg/L (40 CFR 401, 403, Appendix B).
 � Water Quality Guidance for the Great Lakes System:  aquatic life = 1.44 µg/L (acute) and 0.77 µg/L (chronic);


human health = 0.0018 µg/L; wildlife = 0.0013 µg/L (40 CFR 132).


Air � No ambient air standard.


Soil � No soil standard.


ENVIRONMENTAL SOURCES


Air Point Sources � Emissions from mercury ore processing facilities and mercury cell chlor-alkali plants are limited to a maximum of 2,300 g/24
hours (40 CFR 61.01).


� Emissions from sludge incineration plants, sludge drying plants, or a combination of these that process wastewater treatment plant
sludges are limited to a maximum of 3,200 g/24 hours (40 CFR 61.52).


� Industrial sources emitting mercury and mercury compounds may be subject to Maximum Achievable Control Technology
(MACT) standards for major stationary sources and Generally Available Control Technology (GACT) standards for area sources.b


� Emission guidelines on mercury emissions from municipal waste combustors under §§ 111 and 129 of the 1990 Clean Air Act
Amendments.


 � Regulations on mercury emissions from medical waste incinerators under §§ 111 and 129 of the 1990 Clean Air Act Amendments
were promulgated on August 15, 1997.


 � Airborne emissions of mercury on and other substances from the burning of hazardous waste in boilers and industrial furnaces,
including cement kilns, are regulated under the Resource Conservation and Recovery Act (40 CFR 266).


Water Point Sources � Effluents from industrial facilities and municipal wastewater treatment facilities are regulated through industry-specific
pretreatment standards and effluent guidelines for existing and new sources of pollution and are based on the limits of the
available control technology (40 CFR 401, 403, Appendix B).


� Groundwater at hazardous waste treatment, storage and disposal facilities must be monitored for the presence of mercury (40 CFR
302.4, 264.94).


Sewage Sludge � Permissible levels of mercury in municipal wastewater treatment sludges: 17 mg/kg dry wt. and cumulative load of 17 kg/hectare
for agricultural land; 17 mg/kg dry wt. and annual load of 0.85 kg/hectare for home garden or lawn; 57 mg/kg dry wt. for other
land applications; and 100 kg/hectare for surface disposal (CWA).







Table 5-1
Federal Mercury Controls (continued)


SPECIFIC SOURCES/FOCUS CONTROL/ACTION
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Mercury-Containing Wastes � Any solid waste (including soil that is being disposed) is considered a hazardous substance and prohibited from disposal in RCRA
Subtitle D (non-hazardous) landfills if its leachate contains 0.2 mg/L mercury or greater (40 CFR 261.24); land disposal in RCRA
Subtitle C (hazardous) landfills is allowed only after prescribed treatment to reduce mercury in extract to 0.2 mg/L (40 CFR 268).


� Certain wastes are listed as hazardous due, at least in part, to the presence of mercury (e.g., K071 = brine purification muds from
the mercury cell process in chlorine production, and K106 = wastewater treatment sludge from the mercury cell process in
chlorine production).


� The amount of mercury in a number of hazardous wastewaters (e.g., F039, K071, K106, P065, P092) must be treated down to
specified levels to meet the land disposal restrictions.


Any Environmental Release � Any release of 1 pound or more of mercury into the environment in a 24-hour period (the reportable quantity) must be reported
immediately to the National Response Center if the release is not federally permitted (40 CFR 302).


� Certain facilities that release more than a reportable quantity of mercury must immediately report the release to state and local
entities.


� Any release or transfer of mercury by facilities that exceed use or manufacturing thresholds is reportable under the Toxic Release
Inventory.


Foodstuffs or Feed � Action level for methylmercury in fish, shellfish and other aquatic animals = 1 ppm (FDA CPG 7180.07).
� The import of foods containing the residue of mercury-containing pesticides that are not registered for use in the U.S. is


prohibited.


PRODUCTS


Batteries � By early 1991, all U.S. manufacturers converted production so that the mercury content of batteries, except in button and coin
cells, did not exceed 0.025% by weight.


� Federal legislation pending concerning the manufacture of only "non-mercury" formula batteries of all types by 1-1-97.
 � Federal ban on mercury button cell batteries pending as of 1-1-95.
 � Federal legislation permitting only the manufacture of "no mercury" formula zinc carbon batteries pending as of 1-1-95.


Paints and Pigments � All uses of mercury in paints have been discontinued.


Dental Uses  � Dental mercury is classified as a Class I medical device, with extensive safety regulations on its use.  Dental amalgam alloy is
classified as a Class II device, subject to additional special controls.


� U.S. Public Health Service has recently studied risks from mercury amalgams and recommended tighter controls on dental uses of
mercury and further research to reach more definitive conclusions on risk.


Lighting � Because many fluorescent lamps are classified as RCRA hazardous wastes under current test procedures, U.S. EPA is evaluating
options for lamp disposal.  Major options are 1) conditional exclusion of lamps from hazardous waste management requirements,
and 2) handling lamps in a special collection system for other "low grade" and small quantity hazardous wastes (such as batteries
and household pesticides).
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SPECIFIC SOURCES/FOCUS CONTROL/ACTION
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Pesticides � No current production of mercury-containing pesticides; all former registrations have been cancelled or requests for voluntary
cancellation have been received.


Special Paper Coatings � The only two companies that manufacture these products have announced that plans are being developed to phase out the use of
mercury in the coatings.


� It is predicted that mercury will be eliminated entirely from this application by 1995.


Pharmaceuticals � Removal or restriction of mercury in "over-the-counter" (OTC) drugs such as anorectal products and topical antiseptics.
� Request for additional data on other OTC mercury antimicrobials.


Cosmetics � The use of mercury as a preservative or antimicrobial is limited to eye-area cosmetics or ointments in concentrations less than 60
ppm (21 CFR 700.13).


OTHER STANDARDS AND PROGRAMS


Occupational Standards � OSHA Standards:  ceiling limit of 0.1 mg/m  for inorganic and elemental mercury, 0.01 mg/m  as an 8-hr time weighted average3 3


for alkylmercury compounds, and a ceiling limit of 0.04 mg/m for alkylmercury compounds.3 c


� All forms of mercury are assigned a skin notation, indicating that the substance is absorbed through the skin and therefore skin
contact should be avoided.


� As an OSHA hazardous chemical, the presence of mercury at a facility requires submittal of a Material Safety Data Sheet.


Transportation Standards  � Designated as hazardous substances by the Department of Transportation and subject to requirements for packaging, shipping and
transportation (40 CFR 172.101).


Virtual Elimination Project  � U.S. EPA and other mercury stakeholders are looking holistically at mercury sources and policies to identify and promote
"cleaner, cheaper, smarter" ways of reducing mercury levels in the Great Lakes region.


 � Efforts are designed to (1) reduce uses at the source through pollution prevention measures, (2) reduce releases through treatment
or other management techniques and (3) clean up sites of past contamination.


Adapted from OECD, 1995.a


Under the 1990 Clean Air Act Amendments, mercury and mercury compounds are regulated as hazardous air pollutants (HAPs).  MACT standards will apply to major stationary sources emittingb


more than 10 ton/yr of mercury or any other one HAP, or 25 tons/yr of any combination of HAPs.
More stringent standards were recently overturned in U.S. court.c
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� Other government programs to address mercury problems in an integrated manner (i.e.,
the Virtual Elimination Project and pollution prevention initiatives).


Environmental Media Standards.  Different U.S. EPA program offices have established
acceptable mercury concentration limits for environmental media.  U.S. EPA's Office of Ground Water
and Drinking Water, as part of the National Drinking Water Standards required under the Safe Drinking
Water Act of 1986, has established a Maximum Contaminant Level (MCL) for inorganic mercury in
drinking water.  U.S. EPA's Office of Water also has set Ambient Water Quality Criteria that establish
acceptable concentrations of mercury for the protection of human health and aquatic species.  At present,
there are no federal standards establishing mercury concentration limits for ambient air or soil, although
U.S. EPA is in the process of developing clean-up levels for soil.


U.S. EPA recently published Final Water Quality Guidance for the Great Lakes System (60 FR
15366, March 23, 1995).  The Guidance established water quality criteria for 29 pollutants -- including
mercury -- to protect aquatic life, wildlife and human health.  The Guidance also con-sists of detailed
methodologies to develop criteria for additional pollutants; implementation procedures to develop more
consistent, enforceable water quality-based effluent limits in dis-charge permits, as well as total
maximum daily loads of pollutants that can be allowed to reach the Lakes and their tributaries from all
sources; and antidegradation policies and procedures.  Great Lakes States and tribes will use the water
quality criteria, methodologies, policies and procedures in the Guidance to establish consistent,
enforceable, long-term protection for fish and shellfish in the Great Lakes and their tributaries, as well as
for the people and wildlife who consume them.


Environmental Source Controls.  As shown in Table 5-1, regulations that control mercury
releases into the environment include limits on air and water point sources, solid waste disposal
restrictions and requirements for reporting and public disclosure of releases.  These regulations have
been established under the authority of various environmental statutes.


Under the 1990 Clean Air Act Amendments, mercury and mercury compounds are regulated as
Hazardous Air Pollutants (HAPs).  U.S. EPA has established National Emission Standards for three
major point source categories of mercury emissions:  ore processing facilities, mercury cell chlor-alkali
plants and sewage sludge driers.  Industrial sources emitting mercury and mercury compounds may be
subject to Maximum Achievable Control Technology (MACT) standards for major stationary sources
(emissions exceeding 10 ton/yr) and Generally Available Control Technology (GACT) standards for area
sources.  U.S. EPA also recently finalized regulations governing mercury emissions from municipal
waste combustors and medical waste incinerators under §§ 111 and 129 of the 1990 Clean Air Act
Amendments.


Under the Clean Water Act, mercury is listed as a toxic pollutant and mercury discharges from
certain categories of industries are subject to technology-based effluent limits.  The National Pollutant
Discharge Elimination System (NPDES) implemented under the Clean Water Act regulates direct
discharges to surface water bodies.  Facilities are assigned a specific mercury discharge limit and/or are
required to monitor their discharge for mercury levels.  Discharge Monitoring Reports submitted by
facilities serve as the basis for determining compliance with NPDES requirements.  Indirect dischargers
(facilities that discharge to publicly owned treatment works) are regulated by industry-specific
pretreatment standards and effluent guidelines that are based on limits of the available control
technology.


Under the Resource Conservation and Recovery Act (RCRA), U.S. EPA has established specific
classification and disposal requirements for wastes that contain mercury.  RCRA regulations are waste-
specific, not source-specific, and thus may apply to any facility that generates mercury-containing







      These wastes are:  F039 (leachate resulting from the disposal of more than one restricted waste), K071 (brine9


purification muds from the mercury cell process in chlorine production where separately prepurified brine is not
used), K106 (wastewater treatment sludge from the mercury cell process in chlorine production), P065 (mercury
fulminate -- a mercury compound used in explosives -- is listed as an acute hazardous waste when discarded), P092
(phenylmercuric acetate -- a mercury compound used in paints -- is listed as an acute hazardous waste when
discarded), and U151 (the chemical mercury is considered hazardous when discarded).
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wastes.  Under current RCRA regulations, certain mercury-containing wastes are classified either as a
"characteristic" or a "listed" waste.  Wastes are considered characteristic hazardous wastes if they exhibit
any of four specified characteristics:  ignitability, corrosivity, reactivity, or toxicity.  A specific "D"
waste code identifies the contaminant(s) for which a waste exhibits the toxicity characteristic.  Waste
code D009 identifies wastes that exhibit the toxicity characteristic for mercury (i.e., leaches mercury at
or above 0.2 mg/l when analyzed using the Toxicity Characteristic Leaching Procedure).  Listed wastes
are specifically identified wastestreams or discarded products under RCRA, with each listed waste being
assigned a different waste code.  Six different mercury-containing wastes or discarded chemical products
have been listed as hazardous wastes.   RCRA regulations prescribe specific treatment, storage and9


disposal requirements for individual waste codes.  All mercury-bearing wastes are subject to land
disposal restrictions, meaning that they have to be treated in accordance with RCRA regulations before
they are allowed to be land disposed (such as in a landfill).  Additionally, RCRA regulations limit the
airborne emission of mercury and other substances from boilers and industrial furnaces, including
cement kilns, that burn hazardous wastes.


The Superfund Amendments and Reauthorization Act of 1986 (SARA), which amended the
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA), provides broad
Federal authority for responding to releases of listed hazardous substances, including mercury.  The
Emergency Planning and Community Right-to-Know Act also establishes emergency release, inventory
and release reporting requirements.  All facilities in the manufacturing sector (SIC 20-39) that meet the
threshold reporting requirements are required to report releases to air, water and land for all listed
chemicals, including mercury, in the Toxics Release Inventory (TRI).


Under section 302 of SARA, any facility that produces, uses, or stores "extremely hazardous"
substances must notify the State Emergency Response Commission.  Mercuric acetate, mercuric chloride
and mercuric oxide are considered extremely hazardous substances (40 CFR 355).  Additionally, any
facility that releases a reportable quantity (RQ) or more of a hazardous substance into the environment
must notify the National Response Center, State Emergency Response Commission and Local
Emergency Planning Committee.  The RQ for mercury is one pound.  Finally, facilities that keep
hazardous substances on-site in quantities greater than threshold levels must submit a chemical inventory
to the State Emergency Response Commission, the Local Emergency Planning Committee and the local
fire department.  The threshold for mercury (a hazardous substance) is 10,000 pounds, and the threshold
for mercury compounds listed as extremely hazardous substances is 500 pounds.


Product Controls.  Mercury is a component of certain pesticides, special paper coatings,
pharmaceuticals, cosmetics and a variety of household products, including batteries, paints, fluorescent
light bulbs, electrical switches and thermometers.  Such mercury-containing products are presently
regulated under two federal statutes, the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA)
and the Federal Food, Drug, and Cosmetic Act (FFDCA).  FIFRA regulates the sale and use of
pesticides, including the registration of chemicals that meet health and safety tests.  Until recently,
several mercury compounds were registered as pesticides, bactericides and fungicides.  By 1993,
however, all registrations for mercury compounds in paints and pesticides had been either cancelled by
U.S. EPA or voluntarily withdrawn by the manufacturer.  The Food and Drug Administration regulates
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mercury in food, drugs, cosmetics and dental amalgam under FFDCA.  Particular controls on these
products include restrictions on the mercury content, specified conditions for use and labeling
requirements.  With regard to mercury-containing batteries, Federal legislation is pending that would
eliminate the use of mercury in all types of batteries used in both industrial and household activities by
January 1, 1997 (Ross & Associates, 1994).  The battery industry already has converted production
processes so that the mercury content of batteries, except in button and coil cells, does not exceed 0.025
percent by weight (National Electrical Manufacturers Association, 1995).


Other Regulations.  The Occupational Safety and Health Administration (OSHA) regulates
exposures to mercury in the workplace by establishing Permissible Exposure Limits (PELs).  The PELs
for different mercury compounds are presented in Table 5-1.  The National Institute for Occupational
Safety and Health (NIOSH) defines an additional limit called the Immediately Dangerous to Life and
Health (IDLH) level, defined as the maximum environmental concentration of a contaminant from which
one could escape within 30 minutes without any escape-impairing symptoms or irreversible health
effects.  The IDLH is 28 mg/m  for elemental mercury vapor and 10 mg/m  for organo-mercury3 3


compounds.


Under the Hazardous Materials Transportation Act (HMTA), the Department of Transportation
limits the potential for mercury releases during routine transportation and from transportation accidents. 
Mercury and mercury compounds are designated as hazardous substances and are subject to requirements
for packaging, shipping and transportation under HMTA.


Virtual Elimination Project.  U.S. EPA and Environment Canada are actively developing
strategies to achieve the Great Lakes Water Quality Agreement's (GLWQA’s) goal that persistent toxic
substances should be "virtually eliminated" from the Great Lakes.  Because toxic substances enter the
Great Lakes from ongoing economic activities, as well as from sites contaminated by past activities,
eliminating toxic substances from the Great Lakes requires a three-pronged approach that:


� Reduces the use of toxic substances at the source, through pollution prevention efforts;


� Reduces toxic substance discharges, emissions and other ongoing releases through
treatment or other management techniques; and


� Cleans up sites of past contamination, such as contaminated sediments or areas of
concern, through remediation efforts.


U.S. EPA began the Virtual Elimination Pilot Project in 1993.  The project was designed to
answer the following question: �What options exist for improving the current regulatory and non-
regulatory framework to encourage continuing reductions towards zero in the use, generation, and release
of selected toxic substances?�  The aim of the project was to identify barriers to achieving virtual
elimination and to develop strategies to overcome these barriers.


The pilot project has been studying mercury and polychlorinated biphenyls (PCBs).  A
systematic review of the sources has taken place under this effort.  Currently, an analysis of options to
further reduce and eliminate the use of these chemicals is being undertaken.


A central theme underlying the virtual elimination project is that opportunities may exist to alter
the decisionmaking environment in which individuals and firms choose to use and release toxic
chemicals in their ongoing activities.  An individual or firm is likely to minimize its use and/or release of
toxic substances when it understands:
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� The full cost of environmental regulation pertaining to a particular chemical or waste
(the cost of current practices), including costs such as liability, compliance, inputs, waste
disposal and adverse public perception;


� Whether or not an alternative input, process, or product exists that serves the same
purpose, but is less harmful to the environment (the availability of alternatives); and


� How much of the current cost associated with using or releasing a particular chemical
can be avoided by adopting less costly alternative practices that are less harmful to the
environment (the cost of alternatives).


In choosing to modify current activities, an individual or firm will evaluate the costs associated with its
current practices against the cost of available alternatives.


Government actions can enhance pollution prevention opportunities and stimulate toxic
substance reduction by (1) re-aligning the costs and/or regulatory structure to provide greater incentives
and flexibility for individuals and/or companies to reduce their use and release of toxic substances and/or
(2) reducing the cost of adopting alternatives that are less harmful to the environment.


The Virtual Elimination Project focuses on government actions -- or "signals" -- such as
regulatory or voluntary programs that influence the economic and legal costs and benefits associated
with using a particular chemical.  These signals, which translate into costs for an affected entity, can
motivate individuals and firms to choose pollution prevention based on their own economic interests.


Other Pollution Prevention Programs.  U.S. EPA is working with state and local governments to
develop a national network of prevention programs that will assist regulators at all levels of government
in promoting pollution prevention.  To that end,  U.S. EPA is providing funding support, technical
assistance, information dissemination and forming federal/state/local government partnerships to focus
efforts on pollution prevention as the national goal for environmental management.  


State and federal partnerships have already led to actions that will reduce mercury loadings to the
environment.  For example, the National Wildlife Federation, funded in part by U.S. EPA, has recently
released a report detailing how hospitals in Detroit, Michigan; Grand Rapids, Michigan; Boston,
Massachusetts; and Duluth, Minnesota have successfully reduced mercury releases by applying pollution
prevention principles. This Report contains practical and cost effective suggestions for improving the
environmental performance of hospitals and to help them meet increasingly stringent limits in regulatory
permits.  Industry groups have also made advances in pollution prevention (see text box below on
Chrysler Corporation).  


U.S. EPA is working continually to incorporate pollution prevention into the mainstream of its
work.  Over the last six years, the agency has undertaken a concerted effort to find the best ways to
incorporate prevention into regulations and permitting.  For example, in 1992, U.S. EPA began an effort
to evaluate pollution prevention options for a number of new regulations under development.  This effort,
called the Source Reduction Review Project, required U.S. EPA’s media offices to identify multi-media
approaches to addressing air, water and solid waste regulations.  Another program, U.S. EPA’s Common
Sense Initiative (CSI), created a pollution prevention framework for environmental protection on an
industry-by-industry basis by focusing on opportunities to change complicated or inconsistent
environmental requirements into comprehensive strategies.  The goal of each of these programs is a
cleaner environment at less costs to taxpayers.
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Life Cycle Cost Management in the Auto Industry


Industry remains at the center of pollution prevention activities.  Studies have shown that the economic
benefits can be compelling arguments in favor of pollution prevention, but only when managers are able to see
the cost savings that pollution prevention would bring.  Environmental accounting is the key factor in
demonstrating to businesses the value of prevention.  The following serves as a specific example of pollution
prevention in practice to reduce mercury loadings.


The Chrysler Corporation is now removing or replacing all mercury switches that have been
traditionally used in its underhood convenience light applications.  Chrysler has done so as a result of the
application of life cycle cost management methodologies that are advocated by U.S. EPA Pollution Prevention
Division’s Environmental Accounting Project.  This Project is a cooperative effort with business, academia and
others to promote sound management accounting and capital budgeting practices which better address
environmental costs.  The project encourages and motivates business to understand the full spectrum of
environmental costs and integrate these costs into decision making.  Chrysler is partnering with the Project to
share its environmental accounting experience and case studies with the 800-plus members of the Project-
facilitated Environmental Accounting Network.


  By applying the principles of environmental accounting, the Chrysler Corporation determined that it
could cost-effectively replace the mercury switches with a rolling ball switch or remove the switches altogether. 
For the first group of cars on which Chrysler tested the feasibility of substitution and removal, it determined that
it could avoid $40,000 in costs.  Most of those costs were associated with the documentation of the removal of
mercury switches from the vehicle before disposal, and with the potential liability for any mercury that enters the
environment following vehicle disposal. After conducting their own total cost analyses, other auto manufacturers
are now following suit and are actively removing mercury switches from their own automobiles.


In addition, and on a broader scale, U.S. EPA is currently developing a long-term plan to mitigate
the risks associated with mercury and other chemicals of concern under its Persistent, Bioaccumulative
and Toxic (PBT) Chemicals strategy by using pollution prevention principles.  Through its current efforts
on the PBT strategy, U.S. EPA will focus these activities more intensively on the key persistent,
bioaccumulative pollutants, especially mercury.  U.S. EPA expects that through partnership with states
and local organizations, and in collaboration with industry, there will be more opportunities to use
pollution prevention as a means to mitigate the potential risk to human health and the environment
associated with exposure to mercury. 


5.1.2 International Activities


On an international level, mercury is being addressed as part of the Great Lakes Binational
Toxics Strategy, and the North American Regional Action Plan, among other efforts.  These two
initiatives are summarized below, followed by a description of a proposed international collaborative
effort to examine the fate of mercury in the Lake Superior Basin.


Binational Strategy.  The Great Lakes Binational Toxics Strategy, which was signed between
Canada and the United States on April 7, 1997 (U.S. EPA and Environment Canada, 1997), was
developed to help achieve the objectives of the 1987 GLWQA.  Although both Canada and the United
States have domestic virtual elimination strategies as described above, a coordinated strategy is
necessary for the greatest reduction in toxic substances throughout the Great Lakes Basin. 
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The Binational Strategy provides the framework to achieve quantifiable goals in a specified time
frame (1997 to 2006) for targeted persistent toxic substances, especially those which bioaccumulate.  The
Strategy recommends that goals be accomplished through a four-step process:


� Gather information on generation, uses, and sources of the pollutant within and outside
the Great Lakes Basin;


� Analyze current regulatory and non-regulatory programs and initiatives that manage or
control the pollutants and identify the gaps in these regulations that offer opportunities
for reductions;


� Develop cost-effective options and provide recommendations for increasing the pace and
level of reductions; and


� Recommend and implement actions to achieve goals.


Mercury and mercury compounds are considered immediate priorities and are targeted for reduction and
eventual virtual elimination through pollution prevention and other incentive-based actions. 


Both the United States and Canada have set �challenge� goals to achieve reductions through
implementation of voluntary efforts and regulatory actions.  One of these challenges is the commitment
of these countries to work together to assess atmospheric inputs of persistent toxic substances to the
Great Lakes, with the goal of evaluating and reporting jointly on the contribution and significance of
long-range transport of these substances from worldwide sources.  Efforts will be made to work within
the existing international framework to reduce releases of such pollutants from remaining long-range
sources.


North American Regional Action Plan.  The North American Regional Action Plan (NARAP) is
one of a number of regional undertakings that stem from the North American agreement on
Environmental Cooperation between the governments of Canada, the united Mexican states and the
United States of America (Parties).  The NARAP calls for the development of regional action plans for
selected persistent and toxic substances as a first priority in the Parties’ common desire to address
national and regional concerns associated with the sound management of chemicals.


The action plans are designed to reflect a long-term commitment to regional action.  The sharing
and transfer of information and best practices are seen as an important means of enhancing national
capacity for the sound management of chemicals.  Other important elements and outcomes of these
cooperative initiatives include collaboration and cooperation in the measurement, monitoring, modeling,
research and assessment of selected persistent and toxic substances in environmental media.  Such
cooperation will improve the quality, availability and relevance of the “environmental information”
needed to make informed and responsible decisions throughout the implementation of the action plans.


Mercury is one of the targeted chemicals and has its own action plan designed to unite the Parties
in their joint and differentiated efforts to reduce the exposure of North American ecosystems, fish and
wildlife, and especially humans, to mercury through the prevention and reduction of anthropogenic
releases of mercury to the North American environment.  The objectives of the action plan are to reduce
mercury levels in and fluxes among environmental media in order to prevent or minimize exposure to
ecosystems, fish and wildlife, and humans.
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Implementation on the mercury action plan is predicated on the following objectives:


� Building on existing initiatives.  Examples include the Great Lakes Binational Toxics
Strategy, described above.


� Promoting North American regional and global activities.  The mercury action plan will
promote regional actions to reduce mercury emissions and serve as an example for
initiatives under development throughout the region and globally.


� Best practices.  The action plan will promote the sharing, transfer, and general adoption
of policies, programs, technologies, and other measures that have proven to be cost-
effective and environmentally appropriate.


� Challenging stakeholders to take cooperative action on mercury.  The action plan
promotes stakeholder partnerships in information and technology exchanges.


� Improving scientific understanding.  The action plan will use government and private-
sector partnerships to fund research and monitoring, and to advance the science and
technology state-of-knowledge for mercury.


� Capacity building in Mexico.  The Parties are committed to working cooperatively to
build Mexico’s capacity with respect to the prevention and reduction of anthropogenic
releases of mercury and the sound management of mercury. 


� Extended Americas.  The Parties agree to actively promote cooperation with other
countries to promote pertinent initiatives.


Specific actions outlined for mercury include a series of workgroups and workshops to assess the current
knowledge on mercury issues and compile information into shared databases.  An implementation
committee will provide oversight of the action plan.


The Fate of Mercury in the Lake Superior Basin Proposal.  The U.S. EPA, the U.S. Department
of Energy, the Electric Power Research Institute, and Ontario Hydro are proposing a project to develop
models to accurately predict the relationship between source mercury emissions (four utilities firing coal
-- two in the United States and two in Canada) and bioaccumulation of mercury in fish in the Great Lakes
Region.  A team of leading experts in mercury measurement, transport, deposition, methylation rates, and
bioaccumulation been assembled to plan and conduct the research.  The team includes the University of
North Dakota Energy and Environmental Research Center (UNDEERC), University of Michigan Air
Quality Laboratory, Michigan Department of Environmental Quality, Academy of Natural Sciences,
Wisconsin Department of Natural Resources, Minnesota Pollution Control Agency, Roy F. Weston, Inc.,
CONSOL INC, Tetra Tech, Inc., and Frontier Geosciences.


5.1.3 State Activities


Mercury control regulations are increasing rapidly at the state level.  Many states are developing
new regulations that will control the release of mercury from different environmental sources. 
Minnesota, for example, has drafted management standards for facilities that recycle mercury-containing
wastes, and has proposed new combustion rules.  States also have developed new monitoring and
reporting requirements on mercury release from air and water point sources.  Table 5-2 summarizes
examples of mercury control measures adopted by various states for different environmental sources.
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Table 5-2
Examples of State Mercury Controlsa


MERCURY SOURCES/TARGETS STATES WITH CONTROL/ACTION
CONTROLS


ENVIRONMENTAL SOURCES


Air Point Sources Florida � Mercury emission standard for municipal solid waste incinerators (65 micrograms/m ).3


Minnesota � Proposed waste combustion rules include emission limits.
� New incinerator permits with mercury limits will require air monitoring systems and periodic stack


testing.


New Jersey � Mercury emission standard for municipal solid waste incinerators (65 micrograms/m , with further3)


reductions to be phased in.


Ohio � Considering installing mercury-emission control equipment.


Wisconsin � Medical waste incinerators with capacity greater than 5 tons per day must be tested for mercury during
the first 90 day period of operation and once the following year.


Water Point Sources Michigan � Businesses must report use and discharge information for mercury under the Water Pollution Control
Act.


Hg-Containing Wastes Minnesota � Management standards for facilities recycling mercury-containing hazardous wastes (currently being
drafted).


� Mercury must be removed from products before disposal.


PRODUCTS


White Goods Illinois � Mercury components must be removed from discarded white goods before disposal.


Minnesota � Products containing mercury must be labeled, and the labels must include any disposal restrictions.
� Mercury components must be removed prior to disposal.
� The distribution of mercury-containing fever thermometers is restricted.
� Manufacturers must provide information and incentives regarding recycling or proper management.
� HVAC dealers are required to properly manage or recycle used mercury thermostats.
� Mercury in repaired or replaced items must be recycled.


Batteries Arkansas  � Ban on the manufacture of alkaline batteries containing any mercury effective 1-1-96.
 � Ban on the manufacture of mercury-containing zinc carbon and mercury button cell batteries effective


1-1-94.
 � State issued regulations defining collection procedures and responsibilities of the manufacturer and user


of mercury batteries effective 1-1-94.
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Examples of State Mercury Controls (continued)


MERCURY SOURCES/TARGETS STATES WITH CONTROL/ACTION
CONTROLS
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Batteries (continued) California  � Required manufacturer to reduce the level of mercury to 0.025% by weight in alkaline batteries
effective 1-1-94, and ban on the manufacture of alkaline batteries containing any mercury effective 1-1-
96.


 � Ban on the manufacture of mercury-containing zinc carbon and mercury button cell batteries effective
1-1-94.


Connecticut  � Required manufacturer to reduce the level of mercury to 0.025% by weight in alkaline batteries
effective 1-1-92.


 � Ban on the manufacture of mercury-containing zinc carbon batteries effective 1-1-93.
 � Collection of mercury button cell batteries required by retailer effective 1-1-92.
 � State issued regulations defining responsibilities of manufacturer, supplier and user effective 1-1-92.


Florida  � Ban on the sale of alkaline batteries containing mercury greater than 0.025% by weight effective 7-1-95,
and ban on the retail sale of alkaline and zinc carbon batteries containing any mercury effective 1-1-96.


 � Ban on the sale of mercury button cell batteries effective 10-1-93.
 � State issued regulations defining collection procedures and responsibilities of the manufacturer and user


of mercury batteries effective 1-1-94.
 � Ban on the sale of mercury containing batteries if manufacturer fails to meet collection procedures and


other responsibilities effective 1-1-94.


Illinois  � Task force to study storage, transport, disposal and recycling.


Iowa  � Ban on the sale of alkaline batteries containing mercury greater than 0.025% by weight effective 7-1-93,
and ban on the retail sale of alkaline batteries containing any mercury effective 1-1-96.


 � State issued regulations defining responsibilities of manufacturer, supplier and user effective 7-1-96.
 � Ban on the sale of mercury-containing batteries (including button cells) if manufacturer fails to meet


collection procedures and other responsibilities effective 7-1-96.
 � Collection of mercury button cell batteries required by retailer effective 7-1-96.


Maine  � Ban on the sale of alkaline batteries containing mercury greater than 0.025% by weight effective 1-1-94,
and ban on the manufacture of alkaline batteries containing any mercury effective 1-1-96.


 � Ban on the sale of mercury containing zinc carbon batteries and mercury button cell batteries effective
1-1-93.


 � State issued regulations defining collection procedures and responsibilities of the manufacturer and user
of mercury batteries effective 1-1-94.







Table 5-2
Examples of State Mercury Controls (continued)


MERCURY SOURCES/TARGETS STATES WITH CONTROL/ACTION
CONTROLS
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Batteries (continued) Maryland  �   Collection of mercury button cell batteries required by retailer effective 7-1-94.
 � Ban on the sale of mercury button cell batteries if manufacturer fails to meet collection, transportation,


disposal and consumer education responsibilities effective 7-1-94.
 � General ban on the sale of mercury containing batteries effective 7-1-94, but state authorized to grant


exemptions if certain requirements are met.
 � State issued regulations defining responsibilities of manufacturer, supplier and user effective 7-1-94.


Massachusetts  � Ban on the retail sale of mercury-containing alkaline batteries effective 1-1-95 is pending.
 � State regulations defining collection procedures and responsibilities of the manufacturer and user of


mercury batteries are pending.
 � Ban on the sale of mercury button cell batteries is pending.


Michigan  � A new battery law signed on June 29, 1995.
 � This law bans the sale of alkaline batteries containing mercury (with the exception of alkaline


manganese button cells containing less than 25 mg of mercury) and zinc carbon batteries containing
mercury beginning January 1, 1996.


 � The sale of mercuric oxide batteries (with the exception of button cells) are also banned for sale after
January 1, 1996, unless the manufacturer identifies a collection site for recycling, informs users of the
locations and informs the purchasers of a telephone number that can be called to get information about
returning mercuric oxide batteries for recycling or proper disposal.


Minnesota  � Required manufacturer to sell alkaline batteries containing no more than 0.025% mercury by weight
effective 2-1-92, and has banned manufacturer sale of alkaline batteries containing any mercury
effective 1-1-96.


 � General ban on the sale of mercury-containing batteries effective 2-1-92, but state authorized to grant
exemptions if certain requirements are met.


 � Mercury batteries may not contain more than 25 mg of mercury unless an exemption is granted.
 � Sale of dry cell batteries with mercuric oxide and electrode batteries prohibited without exemption.
 � Ban on mercury button cell batteries effective 2-1-92.
 � Manufacturers must set up collection, transport, recycling and consumer education programs.


Batteries (continued) New Hampshire  � Required manufacturer to reduce the level of mercury in alkaline batteries to 0.025% by weight
effective 1-1-93, and has banned the manufacturer sale of alkaline batteries containing any mercury
effective 1-1-96.


 � Ban on the manufacture of mercury-containing zinc carbon batteries effective 1-1-93.
 � State issued regulations defining collection procedures and responsibilities of the manufacturer and user


of mercury batteries effective 1-1-93.
 � State issued regulations regarding the collection of mercury button cell batteries effective 1-1-93.







Table 5-2
Examples of State Mercury Controls (continued)


MERCURY SOURCES/TARGETS STATES WITH CONTROL/ACTION
CONTROLS
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New Jersey  � Required manufacturer to reduce the level of mercury to 0.025% by weight in alkaline batteries
effective 1-1-92, and ban on the manufacture of alkaline batteries containing any mercury effective 1-1-
96.


 � Ban on the manufacture of mercury-containing zinc carbon batteries effective 1-1-92.
 � Ban on mercury button cell batteries effective 1-1-94.
 � State issued regulations defining collection procedures and responsibilities of the manufacturer and user


of mercury batteries effective 1-20-93.
 � Sale of mercury batteries banned if manufacturer fails to meet collection and other responsibilities


effective 1-20-93.


New York  � Required manufacturer to reduce the level of mercury to 0.025% by weight in alkaline batteries
effective 1-1-92.


 � Ban on the manufacture of mercury-containing zinc carbon batteries effective 1-1-93.
 � Mercury oxide battery ban pending.


Oregon  � Required manufacturer to reduce the level of mercury to 0.025% by weight in alkaline batteries
effective 1-1-92.


Rhode Island  � Required manufacturer to reduce the level of mercury to 0.025% by weight in alkaline batteries
effective 1-1-92.


 � State issued regulations defining collection procedures and responsibilities of the manufacturer and user
of mercury batteries effective 1-1-94.


 � Ban on mercury button cell batteries effective 1-1-93.


Batteries (continued) Vermont  � Required manufacturer to reduce the level of mercury in alkaline batteries by 0.025% by weight
effective 2-1-92, and ban on the retail sale of alkaline batteries containing any mercury effective 1-1-96.


 � Ban on mercury button cell batteries effective 1-1-93.
 � State issued regulations defining collection procedures and responsibilities of the manufacturer and user


of mercury batteries effective 1-1-93.


Wisconsin  � Ban on the manufacture of mercury-containing alkaline batteries effective 1-1-96, and ban on the
manufacture of mercury-containing zinc carbon batteries effective 7-1-94.


 � State issued regulations defining collection procedures and responsibilities of the manufacturer and user
of mercury batteries effective 7-1-94.


 � Ban on the manufacture of mercury-containing batteries if manufacturer fails to meet collection
procedures and other responsibilities effective 7-1-94.







Table 5-2
Examples of State Mercury Controls (continued)


MERCURY SOURCES/TARGETS STATES WITH CONTROL/ACTION
CONTROLS
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Electrical Components Pennsylvania � Mercury use in mining equipment (i.e., electrical machinery) is limited.


Paints and Pigments Minnesota � No mercury can be deliberately introduced into products intended for use in Minnesota, except for art
supplies.


Dental Uses Minnesota � Disposal of dental equipment and supplies containing mercury is banned, unless the mercury is reused,
recycled, or managed to ensure compliance.


� Purchaser must sign an agreement of use for medical or dental uses.


Toys Michigan � No sale of toys containing mercury (pending).


Minnesota � Toys with mercury are banned and fines are imposed on retail sales of toys containing mercury.
Wisconsin


Lighting Florida � Ban on incineration of lamps.  Crushing, landfilling and recycling of lamps allowed with appropriate
controls (proposed).


� Florida also will control management of residual mercury from recycling operations.


Ohio � Lamps are viewed as by-products that can be recycled, and exempt from RCRA.


Lighting (continued) Minnesota � Fluorescent lamps and high intensity lamps sold to managers of industrial, commercial, office, or multi-
unit buildings must be labeled and building contractors must specify mercury management plans for
removed lamps.


� Lamps in state-owned buildings must be recycled.
� Mercury must be removed from mercury vapor lights before disposal and lamp sellers and contractors


must provide public education about mercury management requirements.
� The production and distribution of mercury vapor lights are limited.


New York � Mercury vapor lights must be self-extinguishing or have protective shield.


Poisons Ohio � The sale of mercury and mercury compounds is restricted.


Pennsylvania � Levels established for mercury products considered to be safe.


Packaging Florida � The mercury content in packaging and packaging components is restricted.


Illinois � Restrictions on mercury content in packaging are being phased in.  (Dates and concentrations vary by
Minnesota state.)
New York
Wisconsin
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Examples of State Mercury Controls (continued)


MERCURY SOURCES/TARGETS STATES WITH CONTROL/ACTION
CONTROLS
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Pennsylvania � Intentionally introduced mercury in packaging is prohibited (pending).


Pharmaceuticals Illinois � Manufacturers must list the quantity of mercury in products.
Indiana


New York
Ohio


Pennsylvania


Explosives/Fireworks Minnesota � Explosives containing mercury are Class A maximum hazards.
Wisconsin � Permits required for fireworks with mercury (Minnesota only).


Adapted from Ross & Associates, 1994.a
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Regulations on mercury-containing products differ by state.  In addition to health-based
concerns, states are focusing on waste disposal problems associated with mercury-containing products. 
Many states have regulations that ban or limit the amount of mercury in products, establish recycling
requirements and impose disposal restrictions on products containing mercury.  For example, certain
types of batteries containing mercury are banned in a number of states, and 12 states have enacted laws
that limit the amount of mercury in alkaline batteries to 0.025 percent by weight (Ross & Associates,
1994).  Minnesota also requires removal of mercury from electric lamps and thermostats before they are
disposed.  Illinois restricts disposal of white goods containing mercury and limits the amount of mercury
in packaging.  Many states also have mercury waste collection programs in place to control the release of
mercury into the environment.  Table 5-2 summarizes the regulations and programs adopted by selected
states for various products, including legislation and detailed regulations that apply to mercury-
containing batteries.


In addition, states follow the reporting requirements and other standards developed and
implemented by U.S. EPA and other federal agencies.  Some states have regulations in addition to the
federal regulations.  For example, Michigan's Water Pollution Control Act requires businesses to report
the amount of mercury used and released.  This information is used to assist in permit development and
compliance monitoring in the state water program (Ross and Associates, 1994).


5.2 Management Alternatives and Statutory Authorities


5.2.1 Management Alternatives


Control of mercury emissions may require a mix of strategies including pollution prevention,
materials separation and conventional and non-conventional regulatory strategies to control mercury
emissions at the stack.  Pollution prevention would be suitable for those processes or industries where a
mercury substitute is demonstrated and available.  Material separation is an appropriate approach for
processes where mercury-containing products are disposed of by incineration, or where mercury can be
reduced in the fuel prior to the fuel being combusted (e.g., coal cleaning).  The third approach,
conventional regulatory strategies, may be applicable when mercury is emitted to the environment as a
result of trace contamination in fossil fuel or other essential feedstock in an industrial process.  Other
non-conventional approaches such as emissions trading or application of a use tax, or other market-based
approaches may also prove feasible for mercury control. 


The analyses on control technologies and costs presented in this Report are not intended to
replace a thorough regulatory analyses as would be performed for  a rulemaking.  The information
presented is intended to present the range of available options and provide a relative sense of the extent
of mercury reductions achievable and the general magnitude of the cost of such reductions.


One possible means of achieving reductions in mercury emissions is through the use of pollution
prevention or source reduction.  Such approaches to achieving reductions involve changes in processes or
inputs to reduce or eliminate emissions of mercury from a particular product or process.  They could
include, for example, the replacement of mercury with an appropriate substitute or the use of low-
mercury content inputs.


In considering opportunities for pollution prevention or source reduction it is important to
consider both the potential reductions achievable and the costs of these options.  Any consideration of
the potential reductions, should examine whether (and the extent to which) emission reductions from the
particular sources in question will yield reductions in risk to public health and the environment.  It is also
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essential to understand the costs associated with implementing a pollution prevention measure, including
any changes in the quality of the end product.


Table 5-3 presents the four source categories for which a control technology and cost analysis
was performed.  The table presents the number of facilities in each category, the percent contribution of
each to the national inventory and the relative potential for individual facilities within the source
category to impact the area within 50 km of the facility.  Potential national  mercury reductions and
potential national control costs are also presented.  These estimates are based on the assumption that all
plants within a  source category will achieve the same reductions and incur the same costs as the model
plants used in the analysis.  Because this certainly would not be true in all circumstances, the estimates
of potential reductions and costs should be used only for relative comparisons among the source
categories to give an initial indication as to where mercury reductions would provide the most emission
reduction for the least cost.


The estimates of cost for mercury reductions do not illustrate two important considerations.  One
is that, as presented, all of the cost of control could mistakenly be attributed to mercury removal.  As
described previously in this Report, many of these controls achieve reductions of other pollutants as well
(e.g., acid gases, dioxin, other metals).  In some cases (e.g., the emission guidelines for MWI and the
ozone and PM NAAQS), the choice of control technology or control strategy is aimed at reducing
pollutants other than mercury.  In these cases, there is a co-control benefit of mercury reduction.  The
benefits of reducing other pollutants should be considered when interpreting the mercury control costs. 
Second, the technologies available for mercury control represent relatively new applications of these
technologies.  Thus, in the future, it is likely that as new or emerging technologies develop, the
cost-effectiveness of control will improve.  Air pollution control and prevention techniques are
continuously under development and improvement.  There is a fairly rapid pace of innovation in the air
pollution control sector.  The demand for cleaner products and cleaner processes that lower overall costs,
combined with the necessity for improved air and water quality, create strong incentives for
technological innovation and a growing market for such innovations.  As the demand for more
innovative, cost-effective and cost-saving technologies increase, new technologies will move from the
research and development or pilot program phase to commercial availability.


While existing technology will play a key role in reducing mercury from some sources, emerging
technology may be more appropriate for others.  Innovations in environmental policies may also play a
key role in developing a national management strategy for mercury.  These innovations could include
multi-media approaches, greater emphasis on pollution prevention, regional control strategies and
optimization of co-control opportunities.  


5.2.2 Clean Air Act Authorities


Mercury is a priority pollutant across numerous U.S. EPA programs including air, water,
hazardous waste and pollution prevention.  The focus of this section is the statutory authority under the
CAA that could be used to control mercury emission sources.  A brief summary of these authorities is
presented below.


Section 112(a) Lesser Quantity Emission Rates (LQERs)


The U.S. EPA Administrator has the discretion to redefine major sources by setting an emissions
cutoff lower than the 10 tons per year emission rate level for a single pollutant or 25 tons per year
emission rate for a mixture of pollutants.  This is referred to as a lesser quantity emission rate (LQER). 
The CAA states that LQERs are pollutant-specific and should be based on public health or environmental
effects.
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Table 5-3
Potential Mercury Emission Reductions and Costs for Selected Source Categories


Mercury Source Number of Emission National National Annual ($/lb of mercury
Category Facilities Inventory Mercury Control Techniques Reductions Costs removed)


% of U.S.
Mercury Potential Potential Cost-Effectiveness


a b c


Municipal waste 129 18.6 Material separation 27 tons $11.4-47 million $211-870
combustors Product substitution


Activated carbon injection
Carbon filter beds
Polishing wet scrubber


Medical waste ~2,400 10.1 Material separation 15 tons $60-120 million $2,000-$4,000
incinerators Wet scrubber or dry scrubber with carbon (95% reduction)


Activated carbon injection


d d


Coal-fired utility 426 32.5 Fuel switching 37 tons $5 billion $67,700-70,000
boilers (1,043 Advanced coal cleaning (90% reduction) 


boilers) Activated carbon injection
Carbon filter beds


e


Co-control: ozone and PM NAAQS 11 tons No incremental No incrementalf


mercury control costs mercury control costs


Chlor-alkali plants 14 4.5 Process modification 7.1 tons $65 million $4,590
using the mercury Depleted brine scrubbing (100% reduction)
cell process Treated activated carbon adsorption


Total ~3,586 65.7 ~$5.2 billion


NOTE:  The underlined mercury control techniques are the techniques on which potential national reductions and potential national annual costs are based.


 Estimated reductions assuming every facility could achieve the reduction listed.a


 Potential national costs are estimates only and assume all facilities would incur the same costs as the model plants used in the analysis.b


 Where cost-effectiveness values are presented as a range, the values reflect the range across facilities of different sizes.c


 Cost of control should not be attributed to mercury control alone.  Wet scrubbers efficiently remove nine other pollutants from the MWI flue gas as required by the emission guidelinesd


for MWIs.
 The potential national reductions reflects sufficient amounts of activated carbon to control mercury emissions from coal-fired utility boilers by 90 percent.  Activated carbon injectione


has not been demonstrated for a full-scale utility boiler application.  Control costs are upper bound based on high temperature activated carbon injection.  The 37 tons reduction is 90
percent of 41 tons, accounting for 11 ton reduction from the ozone and PM NAAQS.
Assumes some fuel switching and additional installation of wet scrubbers which are assumed to remove 30 percent.f 
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The major implications of setting an LQER are that all the requirements for a major source,
including setting maximum achievable control technology (MACT) standards, mandatory residual risk
analyses, calculation of the MACT floor, modification provisions and Title V permitting requirements
become applicable to what was previously defined as an area source category.


Section 112(c)(6) List of Specific Pollutants


Section 112(c)(6) requires that by 1995, sources accounting for not less than 90 percent of the
aggregate emissions of each of seven specific pollutants must be listed on the source category list, and be
subject to standards under 112(d)(2) or (4) no later than 2005.  The pollutants are: alkylated lead
compounds; polycyclic organic matter; hexachlorobenzene; mercury; polychlorinated biphenyls; 2,3,7,8-
tetrachlorodibenzo-p-dioxin; and 2,3,7,8-tetrachlorodibenzofuran.  This provision makes a specific
reference to utility boilers.  It reads: �This paragraph shall not be construed to require the Administrator
to promulgate standards for such pollutants emitted by electric steam generating units.�


Section 112(d) Emission Standards


Section 112(d) requires that emission standards be established for each source category listed on
the source category list.  The emission standards are applicable to both new and existing sources and are
based on the application of MACT.  MACT is defined differently for new and existing sources as
explained by 112(d)(2) and (3).  Under 112(d)(4), if the pollutant is a threshold pollutant (i.e.,
noncarcinogen), the emission standard can be based on a health threshold with an ample margin of
safety.  A health threshold is a level where the risk of an adverse effect from exposure to the pollutant is
negligible.  Section 112(d)(5) allows the Administrator the discretion to apply generally available control
technology (GACT) to area sources rather than MACT (or any other technologies that may be required of
the source category on account of residual risk analyses under 112(f)).


Section 112(f) Residual Risk Program


Section 112(f) required U.S. EPA to report to Congress on the methods that will be used to
calculate the risk remaining after the promulgation of MACT emission standards under Section 112(d). 
This report should address the public health significance of the risk and the actual health effects
experienced by persons living in the vicinity of emitting sources, and make recommendations on
legislation regarding the risk.  This report is due to Congress on November 15, 1996.  If Congress does
not accept any of the recommendations provided for reducing the residual risk, the Administrator has the
authority to promulgate any additional standards required in order to protect public health with an ample
margin of safety.  The report is currently under development.


Section 112(k) Urban Area Source Program


By 1995, a national strategy to control emissions of hazardous air pollutants (HAPs) from area
sources in urban areas must be transmitted to Congress.  The strategy must identify not less than 30
HAPs which present the greatest threat to public health in the largest number of urban areas.  Source
categories accounting for at least 90 percent of the aggregate emissions of each HAP must be listed on
the source category list and be subject to 112(d) standards.  The strategy, when implemented, is to
achieve a 75 percent reduction in cancer incidence attributable to these sources. 


The urban area source program is a section 112 authority that does not require that a finding of
adverse effects be made for the area source category (as required for listing by 112(c)(3)).  Mercury is a
likely candidate for the urban area source program. 
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112(m) Atmospheric Deposition to Great Lakes and Coastal Waters (Great Waters)


The Great Waters study is an ongoing study with periodic reports to Congress required.  This
program must identify and assess the extent of atmospheric deposition of HAPs to the Great Waters, the
environmental and public health effects attributable to atmospheric deposition and the contributing
sources.  The first report was submitted in May 1994 and is to be submitted biennially hereafter. 
Mercury was identified as a priority pollutant under the Great Waters program.  The Administrator must
determine if other provisions under Section 112 will adequately control these sources.  If not, by 1995,
further emission standards to control these sources must be promulgated.  


The recommendations of the first Great Water Report to Congress were (1) U.S. EPA should
strive to reduce emissions of the identified pollutants of concern through implementation of the CAA; (2)
a comprehensive approach should be taken both within U.S. EPA and between U.S. EPA and other
federal agencies to reduce and preferably prevent pollution in the air, water, and soil; and (3) U.S. EPA
should continue to support research for emissions inventories, risk assessment and regulatory benefits
assessment.


112(n)(1)(A) Study of Hazardous Air Pollutants for Electric Utility Steam Generating Units


The Utility Study is required to address the hazards to public health that are reasonably
anticipated to occur as a result of emissions by electric utility steam generating units of ... [hazardous air
pollutants] ... after imposition of the requirements of the Act.  The list of 189 HAPs is presented in
section 112(b) of the CAA.  In the study, U.S. EPA must develop and describe alternative control
strategies for HAPs that may require regulation under section 112, and, if appropriate and necessary,
U.S. EPA is to proceed with rulemaking to control HAP emissions from utility boilers.  Mercury is one
of the pollutants of concern for utilities.


Section 129 Solid Waste Combustion


Under this section, the Administrator must establish emission guidelines and standards for solid
waste incineration units, including municipal waste combustors, medical waste incinerators and
commercial and industrial waste incinerators.  The performance standards must specify numerical
emission limits for mercury as well as a number of other pollutants.  The U.S. EPA has already issued
final rules for municipal waste combustors on October 31, 1995 and final rules for medical waste
incinerators on August 15, 1997.  Emission limits for hazardous waste combustors will be forthcoming
under the Agency’s Combustion Strategy.
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6. CONCLUSIONS


The following conclusions are presented in approximate order of degree of certainty in the
conclusion, based on the quality of the underlying database.  The conclusions progress from those
with greater certainty to those with lesser certainty.


� Conversion of mercury cell chlor-alkali plants to a mercury-free process is technically feasible
and has been previously demonstrated.


� Energy conservation and switching to low-mercury fuels would reduce the amount of mercury
being emitted by utility boilers.


� Injection of activated carbon into the flue gas of MWC’s and MWI’s can achieve mercury
reductions of at least 85 percent.  The addition of activated carbon to the flue gas of these source
types would not have a significant impact on the amount of particulate matter requiring disposal.


� Numerous opportunities exist for replacing mercury in various products with other materials,
such as solid state electronics for mercury switches, digital thermometers for mercury
thermometers and zinc-air batteries for mercury batteries.


� Removing mercury-containing products such as batteries, fluorescent lights and thermostats
from the waste stream can reduce the mercury input to waste combustors without lowering the
energy content of the waste stream.  The mercury removal efficiency would vary, however,
depending on the extent of the separation.


� Selenium filters are a demonstrated technology in Sweden for control of mercury emissions from
lead smelters.  Carbon filter beds have been used successfully in Germany for mercury control
on utility boilers and MWC’s.  These technologies have not been demonstrated in the U.S.


� Control technologies designed for control of pollutants other than mercury (e.g., acid gases and
particulate matter) vary in their mercury-removal capability, but in general achieve reductions no
greater than 50 percent.


� The available data on coal cleaning indicate that mercury reductions ranged from zero to 64
percent.  The average reduction was 21 percent.  This variation may be due to several factors
including different cleaning methods, different mercury concentrations in the raw coal and
different mercury analytical techniques.  There are no data available to assess the potential for
mercury emissions from coal-cleaning slurries.


� Limited pilot-scale studies with the injection of activated carbon indicate variable control of
mercury from utility boilers (e.g., the same technology might capture 20 percent of the mercury
at one plant and 80 percent at another).  The most important factors affecting mercury capture in
utility flue gas streams include flue gas volume, flue gas temperature, flue gas vapor and
particulate phase constituents (e.g., chlorine as HCl, nitrogen oxides, sulfur oxides, metal oxides
on the surfaces of particulate matter, fly ash composition, percent carbon in fly ash, etc.), the
mercury concentration and chemical species being formed, and the existing APCDs being
augmented (e.g., fabric filters versus ESPs) for mercury capture by activated carbon.   Mercury
capture is mass transfer limited in utility flue gas streams due to the low mercury concentrations
in the extremely high volumes of flue gas.
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� The addition of activated carbon to utility flue gas for mercury control would increase the
amount of particulate matter requiring disposal.  Studies are just being conducted to assess the
stability/leachability for possible re-emission of mercury in the near- and long-term from the
carbons and sorbents captured in the gas phase and disposed of in the solid phase in landfills.


� The chemical species of mercury formed during the combustion process and post-combustion
conditions vary significantly from one plant to another.  While combustion conditions vary, the
subsequent fly ash and vapor phase constituents can play a major role in the percentage of the
chemical species of mercury formed.  Understanding the rate controlling mechanisms (e.g.,
transport, equilibrium, and kinetics) will aid in predicting and possibly controlling the species
formed in order to optimize existing APCDs for mercury removal.  Removal effectiveness is
dependent on the species of mercury present.  There are promising technologies being
investigated at the bench- and pilot-scales for the removal of mercury, but none have been tested
at the full scale.


� Given the relative low maturity level of these technologies being tested, commercial deployment
is still several years away.  Deployment is strongly dependent on understanding the fundamental
mechanisms of the flue gas and mercury chemistries, and the results of well designed bench- and
larger pilot-scale studies.  In addition, no single control technology has been tested at the pilot-
scale or larger that removes all forms of mercury.


There are many uncertainties associated with the cost analysis for individual source categories due
to assumptions inherent in a model plant approach.  The impact of these uncertainties on the
analyses include the following:


� The cost of mercury control incurred by any specific facility may be underestimated by the cost
analysis presented in this Report because of variability inherent in the assumptions that were
made in the analyses.  These include the efficiency of the various control techniques for reducing
mercury, the amount of mercury and its form(s) in the flue gas stream, the natural mercury
sorption and conversion properties of fly ash, and other site-specific factors such as down-time
and labor costs.  In addition, costs for monitoring and record keeping were not included in the
cost analyses.


� The financial impacts calculated in this Report may not represent the financial status of all
facilities within a source category.  The affordability of mercury control will depend on a given
facility’s profits and expenditures.


� In the control technology analysis, the cost of control was attributed to mercury reduction only. 
Because many of the controls also reduce emissions of other pollutants, apportioning the costs
across all pollutants reduced would better characterize the cost of mercury control.  In addition,
the impacts of the natural mercury sorption and conversion properties of fly ash in conjunction
with vapor phase portion of the flue gas were not considered.







7. RESEARCH NEEDS


To improve the control technology, cost and impacts assessment, U.S. EPA would need the
following:


1. Data from full-scale testing of activated carbon injection with and without flue gas
cooling at a variety of coal-fired utility boiler systems representative of the utility
industry.


2. Additional data on the efficiency of various sorbents including fly ash-based sorbents,
activated carbon, impregnated carbons, noble metal sorption, and other types of sorbents,
in reducing the different chemical species of mercury present in flue gas.


3. Additional data on improving the mercury mass transfer limitation(s) and reactivity of
activated carbon while decreasing the mass carbon-to-mercury ratio.


4. Information on the cost-effectiveness and commercialization costs of other technologies
for mercury control that are currently in the research stage.  These include impregnated
activated carbon, sodium sulfide injection, activated carbon fluidized bed, noble metal
sorption, sorbent injection alone and with humidification, and other types of sorbents.


5. Additional data/information on the impacts of flue gas cooling, through  humidification
on acid mist formation and the means to control the sulfur trioxide before the acid mist is
formed.  The range of the cost of control of sulfur trioxide under carbon injection
scenarios with humidification needs to be determined. 


6. Additional data on the ability and cost of conventional or advanced coal cleaning
techniques to remove mercury from raw coal.  The potential for mercury emissions from
coal-cleaning slurries needs to be characterized.  In addition, the added costs for
advanced coal cleaning in combination with post-combustion controls for mercury have
not been fully developed.


7. Additional data on the fundamental mechanisms responsible for conversion of mercury
to other chemical species and the natural adsorption of mercury with the native fly ash as
a result of combustion of certain coals or post-combustion conditions.


8. Additional information on improving the capture of elemental mercury and the oxidized
form of mercury in wet FGD systems.


 9. Improvement and development of  modeling capabilities for predicting mercury
speciation, conversion, and adsorption with fly ashes and sorbents in conjunction with
laboratory and pilot-scale test results.


10. Improvement and development of predictive models for the emission of elemental and
non-elemental forms of mercury.


11. Data on the impacts on waste and by-products as a result of mercury capture in fly ash,
sorbents mixed with fly ash, FGD waste, and other aqueous and solid effluent streams
associated with utilities.  Determine the stability (identify the form of mercury in waste)
and leaching properties, and potential near- and long-term re-emission of mercury from
the various wastes.
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12. Improvements on development of real time mercury measurement techniques (CEMs) to
measure and speciate at the 1 ppb level in order to possibly reduce the cost of control of
mercury by optimization through advanced process control.







8-1


8. REFERENCES


ABB, et al, �Ultra High Efficiency ESP Development for Air Toxics,� Draft Final Report under Phase I
DOE/FETC MegaPrda Program, period of performance - Sept. 1995 to July 1997. 


Akers, David, R. Dospoy, C. Raleigh, 1993.  The Effect of Coal Cleaning on Trace Elements, Draft
Report, Development of Algorithms.  December 16, 1993.  Prepared for EPRI by CQ, Inc.


Armstrong, M., 1994.  March 1994 notes from Mike Armstrong, Arkansas Game and Fish Commission.


Attari, A. and S. Chao, 1993.  "Quality Survey of Natural Gas in the United States."  Presented at the
1993 AICHE Spring National Meeting, Houston, Texas.


Bailey, R.T., B.J. Jankura and K.H. Schulze, "Preliminary Results on the Pollutant removal Effectiveness
of the Condensing Heat Exchanger," First Joint DOE-PETC Power & Fuel Systems Contractors
Conference, U.S. Department of Energy, Pittsburgh, PA, July 9-11, 1996.


Berenyi, Eileen and Robert Gould, 1993.  1993-94 Resource Recovery Yearbook:  Directory and Guide. 
Governmental Advisory Associates, Inc.  New York, New York.  


Bloom, N., E. Prestbo and V. Miklavcic, 1993.  "Flue Gas Mercury Emissions and Speciation from
Fossil Fuel Combustion."  Presented at the Second EPRI International Conference on Managing
Hazardous Air Pollutants, Washington, D.C., July 1993.


Boyce, P., 1994.  Letter from the Northern States Power Company to Martha H. Keating, U.S. EPA
providing comments on the draft report "Mercury Control Technologies and Costing of Activated
Carbon Injection for the Electric Utility Industry." January 19, 1994.


Brown, B., 1991.  Joy Environmental Equipment Company, letter to T.G. Brna, U.S. Environmental
Protection Agency, Office of Research and Development.  May 10, 1991.


Brown, B. and K.S. Felsvang.  "Control of Mercury and Dioxin Emissions from United States and
European Municipal Solid Waste Incinerators by Spray Dryer Absorption Systems."  Proceedings of the
ASME/EPRI/AWMA 5th Integrated Environmental Control for Power Plants Conference.


Brown, T.D., �How Big is the Challenge: Controlling Hg and Hg  in the Flue Gas from the Combustiono 2+


of Coal,� presented at the Fourth International Conference on Managing Hazardous Air Pollutants,
Washington, D.C., November 14, 1997.


Carey, T.R., Hargrove, O.W., Brown, T.D., and Rhudy, R.G. �Enhanced Control of Mercury in Wet FGD
Systems� Paper 96-P64B.02, presented at 89  Annual AWMA Meeting,  June, 1996, Nashville, TN.th


Carey, T.R., O.W. Hargrove, T. D. Brown, and R.G. Rhudy., "Enhanced Control of Mercury in Wet FGD
Systems," First Joint DOE-PETC Power & Fuel Systems Contractors Conference, U.S. Department of
Energy, Pittsburgh, PA, July 9-11, 1996.







8-2


Carey, T.R., O.W. Hargrove, Jr., C.F. Richardson, R. Chang, and F.B. Meserole, Factors Affecting
Mercury Control in Utility Flue Gas Using Sorbent Injection,� Paper 97-WA72A.05, presented at the 90th


Annual Meeting  & Exhibition of the Air & Waste Management association, Toronto Canada (June 8-13,
1997).


Chang, R., 1994.  Letter from EPRI to William H. Maxwell.  Transmittal of EPRI Test Reports for
Sites 111, 112 and 119.  January 31, 1994.  


Chang, R., and D. Owens, 1994.  "Developing Mercury Removal Methods for Power Plants."  (In) EPRI
Journal, July/August, 1994.


Chang, R., C.J. Bustard, G. Schott, T. Hunt, H. Noble and J. Cooper, 1993.  "Pilot Scale Evaluation of
AC for the Removal of Mercury at Coal-fired Utility Power Plants."  Presented at the EPRI Second
International Conference on Managing Hazardous Air Pollutants, Washington D.C., July 1993.


Chemical Engineering, 1972.  Economic Indicators, Vol. 79, No. 12, p. 128. 


Chemical Engineering, 1993.  Economic Indicators.  December, Vol. 100, No. 12, p. 182.


Chen, S., M. Rostam-Abadi, and R. Chang (1996).  �Mercury Removal from Combustion Flue Gas by
Activated Carbon Injection: Mass transfer Effects,� in Proc. Am. Chem. Soc., New Orleans, LA, March
23-28.


Chow, W., et. al., 1994.  "Pathways of Trace Elements in Power Plants: Interim Research Results and
Implications."  (In) Trace Element Transformations in Coal-Fired Power Systems, Fuel Processing
Technology, August, 1994, pp 5-20. 


Clarke, L.B. and L.L. Sloss, 1992.  "Trace Elements-Emissions from Coal Combustion and
Gasification."  IEA Coal Research, London, IEACR/49, July 1992.


Cooper, Laurie, 1993.  American Ref-Fuel Company of Essex County.  Battery Survey for Essex
Country, N.J.  Presented at the International Conference on Municipal Waste Combustion, Williamsburg,
Virginia.  


Costanza, R., R. d’Arge, R. de Groot, S. Farber, M. Grasso, B. Hannon, K. Limburg, S. Naeem, R. V.
O’Neill, J. Paruelo, R. G. Raskin, P. Sutton, and M. van den Belt.  1997.  The Value of the World’s
Ecosystem Services and Natural Capital.  Nature.  387:253-259.


Curlin, L.C., 1992.  Alkali and Chlorine Products.  Chlorine and Sodium Hydroxide.  (In) Kirk-Othmer
Encyclopedia of Chemical Technology, Volume 1, 4th ed.; J.I. Kroschivitz, exec. editor.  John Wiley and
Sons, New York.  


DeVito, M.S., P.R. Tumati, R.J. Carlson and N. Bloom, 1993.  "Sampling and Analysis of Mercury in
Combustion Flue Gas."  Presented at the EPRI Second International Conference on Managing Hazardous
Air Pollutants, Washington D.C., July 1993.


DeVito, M.S. and Rosenhoover, W.A., �Flue Gas Mercury and Speciation Studies at Coal-Fired Utilities
Equipped with Wet Scrubbers,� presented at the Fourth International Conference - Managing Hazardous
Air Pollutants, Washington D.C., November 1997. 







8-3


Dismukes, E.B., R.J. Clarkson, R.R. Hardman and G.G. Elia, 1993.  "Measurement of Air Toxic
Emissions from a Coal-Fired Boiler Equipped with a Tangentially-Fired Low NO  Combustion System." x
DOE paper received by William Maxwell of U.S. EPA.


Dunham, G.E. and Miller, S.J. �Evaluation of Activated Carbon for Control of Mercury from Coal-Fired
Boilers� presented at the First Joint Power and Fuel Systems Contractors Conference, July 9-11, 1996,
Pittsburgh, PA.


Durham, M. and T. Ebner, ADA Technologies, 1993.  Telephone communication with J. Turner,
Research Triangle Institute.  Costs of spray cooling systems for coal-fired utility boilers. September 1, 3
and 8, 1993.


Edlund, H., 1993a.  Boliden Contech AB.  Hg--Entfernung aus Abgasen.  Stockholm, Sweden. 


Edlund, H., 1993b.  Boliden Contech.  Letter to K. Nebel, Radian Corporation.  July 15, 1993.


Edlund, H., 1993c.  Boliden Contech.  Telefax to K. Nebel, Radian Corporation.  August 17, 1993.


Eisler, R., 1987.  Mercury hazards to fish, wildlife, and invertebrates:  a synoptic review.  U.S. Fish and
Wildlife Service.  Publ. No. 85(1.10).


Electric Power Research Institute, 1986.  TAG  Technical Assessment Guide.  EPRI P-4463-SR,TM


Volume 1.  Technical Evaluation Center, Palo Alto, California.


EPRI, 1994.  "Electric Utility Trace Substances Synthesis Report - Volume 3:  Appendix O, Mercury in
the Environment."  EPRI TR-104614-V3, Project 3081,3297, November, 1994.


Euro-Chlor, 1993.  Report of the Task Force Considering the Phase-Out of Mercury Cells by 2010. 


Evans, A.P., K.E. Redinger and G.A. Faring, "Air Toxics Benchmarking Tests on a 10MWe Coal-Fired
Utilit y Boiler Simulator," in Proceedings of the 215t International Technical Conference on Coal
Utilization & Fuel Systems, Clearwater, FL, March 18-21, 1996.


Fahlke, J. And Bursik, A. �Impact of the State-of-the-Art Flue Gas Cleaning on Mercury Species
Emissions from Coal-Fired Steam Generators,� Water, Air, Soil Poll., 80, p.209-215 (1995).


Fauh, F., 1991.  Alkali and Chlorine Products.  Chlorine and Sodium Hydroxide.  (In)  Kirk-Othmer
Encyclopedia of Chemical Technology, Volume 1, 4th ed.; J.I. Kroschivitz, exec. editor.  John Wiley and
Sons, New York.  


Feeley, T.J., III, "An Overview of the U.S. Department of Energy’s Electric-Utility Mercury Emissions
R&D Activities," Acid Rain & Electric Utilities II Conference, Scottsdale, AZ, January 21-22, 1997.


Felsvang, K., R. Gleiser, G. Juip and K.K. Nielsen, 1993.  "Air Toxics Control by Spray Dryer
Absorption Systems."  Presented at the EPRI Second International Conference on Managing Hazardous
Air Pollutants, Washington D.C., July 1993.


Fenn, D.A. and K.L. Nebel, 1992.  MWC Database.  Prepared for Walt Stevenson, U.S. Environmental
Protection Agency, Research Triangle Park, North Carolina.







8-4


Fitzgerald, W.F., Clarkson, T.W., 1991.  Mercury and monomethylmercury:  Present and future concerns. 
Environ. Health Perspectives 96:159-166.


Flagan, R.C. and Friedlander, S.K., Recent Developments in Aerosol Science, J. Davis ed., John Wiley
and Sons, N.Y., p.25, 1978.Flagan, R.C and Seinfeld, J. H Fundamentals of Air Pollution Engineering,
Prentice Hall: Englewood Cliffs, NJ, 1988, pp.217-219.


Flora, J.R.V., Vidic, R.D., Liu, W., and Thurnau, R. C., �Modeling Powered Activated Carbon Injection
for the Uptake of Elemental Mercury Vapors,� Submitted for publication in the J. A&WMA, August,
1997.  


Galbreath, K.C and Zygarlicke, C.J. �Mercury Speciation in Coal Combustion and Gasification Flue
Gases,� Env.Sci.Tech., 30, p.2421-2426 (1996).


Guest, T.L. and O. Knizek, 1991.  Mercury Control at Burnaby's Municipal Waste Incinerator.  Presented
at the 84th Annual Air and Waste Management Meeting and Exhibition, Vancouver, British Columbia,
June 16-21, 1991.


Hall, B., Schager, P., and Lindqvist, O. �Chemical Reactions of Mercury on Combustion Flue Gases� 
Water, Air, Soil Poll., 56, p.3-14 (1991).


Hargis, et al., �Assessment of Air Toxic Emissions from A Pilot-scale Combustion Unit,�  First Joint
DOE-PETC Power & Fuel Systems Contractors Conference, U.S. Department of Energy, Pittsburgh, PA,
July 9-11, 1996.


Hargrove, O.W., Jr., �A Study of Toxic Emissions from a Coal-Fired Power Plant Demonstrating The
ICCT CT-121 FGD Project.�  Tenth Annual Coal Preparation, Utilization, and Environmental Control
Contractors Conference, Pittsburgh, PA, July, 1994, pp. 267-274.


Hargrove, O.W., Jr, Peterson, J.R., Seeger, D.M., Skarupa, R.C.,and  Moser, R.E., �Update of EPRI Wet
FGD Pilot-Scale Mercury Emissions Control Research,� presented at the EPRI/DOE International
Conference on Managing Hazardous and Particulate Pollutants, Toronto, Canada, Aug. 15-17, 1995.


Hargrove, O.W.,Jr., Carey, T.R., Richardson, C.F., Skarupa, R.C., Meserole, F.B., Rudy, R.G., and
Brown, T.D., �Factors Affecting Control of Mercury by Wet FGD,� presented at the EPRI-DOE-EPA
Combined Utility Air Pollutant Control Symposium, Washington D.C., August 1997.


Hartenstein, H.U., 1990.  The Use of Activated Coke for the Removal of Dioxins from Flue Gas of MWI
Plants.  Gummersbach, Germany.


Hartenstein, H.U., 1993a.  Activated Carbon Filters for Flue Gas Polishing of MWIs.  Presented at the
International Conference on Municipal Waste Combustion, Williamsburg, Virginia, March 1993.


Hartenstein, H.U., 1993b.  Fixed Bed Activated Coke Filters for the Control of Toxic Metals and
Organics from Waste Incinerators--The Second Generation.  Gummersbach, Germany.


Hartenstein, H.U., 1993c.  Steinmuller Corporation.  Telefax to D. White, Radian Corporation.  July
1993.







8-5


Hartenstein, H.U., H. Hemschemier and T. Loeser, 1991.  Retrofitting of an Existing Hazardous Waste
Incineration Plant with an Activated Coke Filter for Removal of Dioxins and Other Air Toxics. 
Gummersbach, Germany.


Haythornthwaite, S., et al, �Demonstration of  Dry Carbon-Based Sorbent Injection for Mercury Control
in Utility ESPs and Baghouses,� updated and presented at the EPRI-DOE-EPA Combined Utility Air
Pollutant Control Symposium, Washington D.C., August 1997.


Heath, E., 1994.  "Uncontrolled Concentrations of Mercury in Utility Flue Gas."  Memorandum from
RTI to William Maxwell, U.S. EPA, May 12, 1994.


Heath, E. and J. Turner, 1994.  "Estimated Carbon Injection Rates Used in Costing Activated Carbon
Injection at Utility Plants."  Memorandum from RTI to William Maxwell, U.S. EPA.  May 13, 1994.


Helfritch, D., G. Harmon and P. Feldman, "Mercury Vapor Control by Means of Corona Discharge," in
Proceedings of Emerging Solutions to VOC and Air Toxics Control Conference, Clearwater Beach,
Florida, February 28 - March 1, 1996.


Helfritch, D., G., P.L. Feldman, and S.J. Pass, “A Circulating Fluid Bed Fine Particulate and Mercury
Control Concept,”presented at the EPRI-DOE-EPA Combined Utility Air Pollutant Control Symposium,
Washington D.C., August 1997.
 
Hoagland, M., 1993.  American Norit Company.  Telephone communication with J. Turner, Research
Triangle Institute.  Costs of Carbon Injection Systems for Mercury Control in Utility Boilers. 
September 10, 1993.


Holmes, M.J., et al, �Control of Mercury in Conventional Flue Gas Emissions Control Systems,�


presented at the Fourth International Conference - Managing Hazardous Air Pollutants, Washington
D.C., November 1997. 


Horvath, R.J., 1986.  The ELTECH Membrane Gap Cell for the Production of Chlorine and Caustic. (In)
Modern Chlor-alkali Technology, Volume 3; K. Wall, editor.  Ellis Horwood Limited, Chichester,
London. 


Huang, H.S., J. M. Wu, and C.D. Livengood,  "Removal of Mercury From Combustion Flue Gas by Dry
Control Technology," in Proceedings of the Fifth World Congress of Chemical Engineering, San Diego,
CA, July 14-18, 1996.


Huggins, F.E., Huffman, G.P., Dunham, G.E., Senior, C.L., �XAFS Examination of Mercury Capture on
Three Activated Carbons,� ACS Division of Fuel Chemistry Preprints, Vol. 42, No. 3/4, 1997.


Hunt, T., S. Sjostrom, J. Bustard, T.D. Brown, "Investigation and Demonstration of Dry Carbon-Based
Sorbent Injection for Mercury Control," First Joint DOE-PETC Power & Fuel Systems Contractors
Conference, U.S. Department of Energy, Pittsburgh, PA, July 9-11, 1996.


Jones, G., 1993.  Belco Technologies Corporation.  European Air Quality Control Progress.  Presented at
the 1993 International Conference on Municipal Waste Combustion, Williamsburg, Virginia. 







8-6


Khosah, R.P.; McManus, T.J.; Clements, J.L.;Bochan, A.A.; Agbede, R.O. �A   Comparative Evaluation
of EPA  Method 29 and the Ontario Hydro Method for Capture and Analysis of Mercury Species by ATS
and Three Other Research Laboratories,�  presented at the 89  Annual Meeting of the Air and Wasteth


Management Association, Nashville, TN, Paper 96-W64A.04, June, 1996.


Kilgroe, J.D., T.G. Brna, D.M. White, W.E. Kelly and M.J. Stucky, 1993.  Camden County MWC
Carbon Injection Test Results.  Presented at the 1993 International Conference on Municipal Waste
Combustion, Williamsburg, Virginia.  March 1993.


Kiser, Jonathon and Kent Burton, 1992.  Energy from Municipal Waste:  Picking Up Where the
Recycling Leaves Off.  Waste Age, November, 1992.  Pages 39-46.


Kjellstrom, T., P. Kennedy, S. Wallis, et al., 1989.  Physical and Mental Development of Children with
Prenatal Exposure to Mercury from Fish:  Stage 2:  Interviews and Psychological Tests at Age 6. 
National Swedish Environmental Protection Board, Report 3642 (Solna, Sweden).


Klaassen, C.D., Amdur, M.O., Doull, J., 1986.  Casarett and Doull's Toxicology:  The Basic Science of
Poisons.  Macmillan Publishing Company, New York, NY.


Korpiel, J.A. and Vidic, R. D., �Effect of Sulfur Impregnation Method on Activated Carbons Uptake of
Gas-Phase Mercury,� Environ. Sci. Technol., 1997, 31, 2319.


Krishnan, S.V., Gullett, B.K., and Jozewicz, W. �Sorption of Elemental Mercury by Activated Carbon�


Env.Sci.Tech., 28, p.1506-1512 (1994).


Krivanek, C.S., 1993.  Mercury Control Technologies for MWCs:  The Unanswered Questions. 
Presented at the 1993 International Conference on Municipal Waste Combustion, Williamsburg,
Virginia.  March 1993.


Laudal, D.L., Heidt, M.K., Brown, T.D., and Nott, B.R., �Mercury Speciation: A Comparation Between
Method 29 and Other Sampling Methods,�presented at the 89  Annual Meeting of the Air and Wasteth


Management Association, Nashville, TN, Paper 96-W64A.04, June, 1996.  


Laudal, D.L., Galbreath, K.C., Heidt, M.K., Brown, T.D., Nott, B.R., and Jones, S.K., “A State-of-the-
Art Review of Flue Gas Mercury Speciation Methods,” EPRI/DOE Final Report, EPRI TR-107080,
November 1996.


Laudal, D.L., Heidt, M.K., Nott, B.R., and Brown, T.D., “Evaluation of Flue Gas Mercury Speciation
Methods,” EPRI/DOE Final Report, EPRI TR-108988, December 1997.


Laudal, D.L., Heidt, M.K., Nott, B.R., and Brown T.D., “Recommended Methods for Mercury Speciation
Measurements in Coal combustion Systems,”presented at the Fourth International Conference -
Managing Hazardous Air Pollutants, November 1997.


Lerner, B.J., 1992.  Beco Engineering Company.  Dioxin/Furan Removal:  Negative Efficiency Behavior
Causes and Effects.  Presented at the 85th Annual Meeting, Air and Waste Management Association,
Kansas City, Missouri.







8-7


Lerner, B.J., 1993a.  Beco Engineering Company.  Mercury Emissions Control in Medical Waste
Incineration.  Presented at the 86th Annual Meeting, Air and Waste Management Association, Denver,
Colorado.


Lerner, B.J., 1993b.  Beco Engineering.  Telephone communication with K. Nebel, Radian Corporation. 
July 1993.


Lindquist, B., 1992.  Gas Cleaning In Connection with Waste Incineration.  Presented at the 1992
International Conference on Municipal Waste Combustion, Tampa, Florida, April 1992.


Lindqvist, O., Johansson, K., Aastrup, M., Andersson, A., Bringmark, L., Hovsenius, G., Hakanson, L.,
Iverfeldt, A., Meili, M., Timm, B., 1991.  Mercury in the Swedish environment:  Recent research on
causes, consequences and corrective methods.  Special Issue.  Water Air Soil Pollut. 55:1-261.


Liu, W., Korpiel, J.A., and Vidic, R.D., “Effect of Impregnation temperature on Physical Characteristics
and Adsorption Properties of Sulfur Impregnated Carbons for Vapor-Phase Mercury,” Paper No. 97-
WA72A.02, presented at the 90  Annual Meeting  & Exhibition of the Air & Waste Managementth


association, Toronto Canada (June 8-13, 1997). 


Livengood, C.D., H.S. Huang, M.H. Mendelsohn, et al., "Enhancement of Mercury Control in Flue-Gas
Cleanup Systems," First Joint DOE-PETC Power & Fuel Systems Contractors Conference, U.S.
Department of Energy, Pittsburgh, PA, July 9-11, 1996.


Loehmann, E.T., Berg, S.V., Arroyo, A.A., Hedinger, R.A., Schwartz, J.M., Shaw, M.E., Fahien, R.W.,
De, V.H., Fishe, R.P., Rio, D.E., Rossley, W.F., Green, A.E.S., 1979.  Distributional analysis of regional
benefits and cost of air quality control.  Journal of Environmental Economics and Management.  6:222-
243.


Lyke, A.J.  1992.  Multiple Site Trip Generation and Allocation:  A Travel Cost Model for Wisconsin
Great Lakes Sprort Fishing, Draft, Ph.D. Thesis, University of Wisconsin-Madison, Madison, Wisconsin.


Marklund, S., K. Ljung, P. Andersson and C. Rappe, 1993.  Formation of Chlorinated Dibenzodioxins
and Dibenzofurans in an Air Pollution Control Device for MSW Combustor.  Presented at the 1993
International Conference on Municipal Waste Combustion, Williamsburg, Virginia.  March 1993.


Maxwell, W.H., 1993.  "Second International Conference on Managing Hazardous Air Pollutants." 
Memorandum to Kenneth R. Durkee, U.S. EPA.  August 3, 1993.


McKenna, J.D. and J.H. Turner, 1989.  Fabric - Filter Baghouses I, Theory, Design and Selection (A
Reference Text).  ETS, Inc., Roanoke, Virginia. 


Meij, R. �Trace Element Behavior in Coal-Fired Power Plants,� Fuel Process. Tech., 39, p.199-217
(1994).


Michaud, Carl, 1993.  Department of Environmental Management, Minneapolis, Minnesota.  Managing
Mercury-Bearing Wastes for Hennepin County Waste-to-Energy Facilities. Presented at the Air and
Waste Management Association Annual Meeting.  







8-8


Miller, S.J., D. Laudal, R. Chang, and P.D. Bergman, “Laboratory-Scale Investigation of Sorbents for
Mercury Control,” presented at the 87  Annual Meeting of the Air & Waste Management Association,th


Cincinnati, OH, June 19-24, 1994.


Miller, S.J., Laudal, D.L., Dunham, G.E., Chang, R., and Bergman, P.D., “Pilot-Scale Investigation of
Mercury Control in Baghouses,”In Proceedings of the EPRI/DOE International Conference on Managing
Hazardous and Particulate Pollutants, Toronto, Canada, Aug. 15-17, 1995.


Miller, et al, �Advanced Hybrid Particulate Collector, A New Concept for Air Toxics and Fine
Particulate Control,� presented at the EPRI-DOE-EPA Combined Utility Air Pollutant Control
Symposium, Washington D.C., August 1997.


Miller, T.R., 1989.  Willingness to pay comes of age: Will the system survive?  Northwestern University
Law Review.  83:876-907.


National Electrical Manufacturers Association, 1995.  Letter from Timothy Feldman, Vice President,
Government Affairs to Terry Harvey, Director, Environmental Criteria and Assessment Office, Office of
Research and Development, U.S. EPA.  March 14, 1995.


National Wildlife Federation (NWF), 1993.  Our priceless Great Lakes:  Benefits of the Great Lakes
Water Quality Initiative.  Great Lakes Natural Resource Center, Ann Arbor, MI.


Nebel, K.L. and D.M. White, 1991.  A Summary of Mercury Emissions and Applicable Control
Technologies for Municipal Waste Combustors.  Prepared for the U.S. Environmental Protection
Agency, Office of Air Quality Planning and Standards, Research Triangle Park, North Carolina.


Nebel, K.L., D.M. White and C.P. Kane, 1994.  Radian Corporation.  Wet Scrubbing Systems
Performance and Costs (Belco).  Prepared for the U.S. Environmental Protection Agency, Office of Air
Quality Planning and Standards, Research Triangle Park, North Carolina.


Nelson Jr., S., J. Miller and D.Summanen.  "Innovative Mercury Emission Control,"  Presented at the Air
& Waster Management Associations’s 90  Annual Meeting & Exhibition, June 8-13, 1997, Toronto,th


Ontario, Canada.


New Jersey Department of Environmental Protection and Energy (NJDEPE), 1994.  Control and
prohibition of mercury emissions:  Proposed new rules N.J.A.C. 7:27-27.1 through 27.10 and N.J.A.C.
7:27A-3.10(1).  New Jersey Register.  February 22, 1994.


New Jersey Department of Environmental Protection and Energy (NJDEPE), 1993.  Task force on
mercury emissions standard setting:  Final report on municipal solid waste incineration.  Volume II: 
Environmental and health issues.


New Jersey Department of Environmental Protection and Energy, 1992.  Task Force on Mercury
Emissions Standards Setting Preliminary Report.  Volume III, Technical and Regulatory Issues.


Noblett, J.G., 1993.  "Control of Air Toxics from Coal-Fired Power Plants Using FGD Technology."
Presented at the EPRI Second International Conference on Managing Hazardous Air Pollutants,
Washington, D.C., July 13-15, 1993.







8-9


Nordin, A., Schager, P., Hall, B., �Mercury Speciation in Flue Gases:  A Comparison of Results from
Equilibrium Calculations with Results from Laboratory Experiments,� presented at Swedish-Finnish
Flames Days, Turku, Finland, September, 1990.


O'Brien, T., 1983.  Considerations in Conversion of Existing Chlor-alkali Plants to Membrane Cell
Operation.  (In) Modern Chlor-alkali Technology, Volume 2; C. Jackson, editor.  Ellis Horwood Limited,
Chichester, London. 


Ogden Martin Systems, Inc., 1994.  Clean Air Engineering Report on Compliance Testing,
Environmental Test Report, Volume 2.  OPI Report No. 897.  Prepared for the Minnesota Pollution
Control Agency for the Hennepin Resource Recovery Facility.  December 22, 1994.


Organisation for Economic Co-operation and Development, 1995.  OECD Environment Monograph
Series No. 103, Risk Reduction Monograph No.4:  Mercury, Background and National Experience with
Reducing Risk, OCDE/GD(94)98, Paris 1995.


Pavlish, J. and Benson, S., �Summary of Key Air Toxic Results from the Center for Air Toxic Metals
(CATM),� presented at the EPRI-DOE-EPA Combined Utility Air Pollutant Control Symposium,
Washington D.C., August, 1997.


Petersen, H., 1993.  Latest Developments in Activated Coke Technology.  Wiesbaden, Germany.


Prestbo, E.M. and Bloom, N.S. �Mercury Speciation Adsorption (MESA) Method for Combustion Flue
Gas:  Methodology, Artifacts, Intercomparison, and Atmospheric Implications,�  Water, Air, Soil Poll.,
80, p.145-158 (1995).


PSCO/ADA Technologies, Inc., “Investigation and Demonstration of Dry Carbon-Based Injection for
Mercury control,”Draft Final Report under Phase I DOE/FETC MegaPrda Program, period of
performance - Sept. 1995 to July 1997. 


PSI, et al., “Toxic Substances form Coal Combustion--A Comprehensive Assessment,”Draft Final Report
under Phase I DOE/FETC MegaPrda Program, period of performance - Sept. 1995 to July 1997. 


Radian Corporation, 1993a.  Preliminary Draft Report on Field Chemical Emissions Monitoring Project. 
Prepared from the following reports:  Site 10, October 6, 1992; Site 11, October 6, 1992; Site 12
November 23, 1992; Site 15, October 6, 1992; Site 21, May 14, 1993.  Prepared for the Electric Power
Research Institute.


Radian Corporation, 1993b.  Preliminary Draft Report on Field Chemical Emissions Monitoring Project: 
Site 13 Emissions Report.  Prepared for the Electric Power Research Institute.


Radian Corporation, 1994.  Temperature and flow rate data taken or determined from Preliminary Draft
Report on Field Chemical Emissions Monitoring Project:  Emissions Report for Sites 103-109.  Prepared
from the following reports:  Site 13, February 12, 1993; Site 112, December 30, 1993; Site 117, January
20, 1994; Site 118, January 20, 1994.  Prepared for the Electric Power Research Institute.







8-10


Radian International, et al., “Enhanced Control of Mercury and Other HAPs by Innovative Modifications
to Wet FGD Process,” Draft Final Report under Phase I DOE/FETC MegaPrda Program, period of
performance - Sept. 1995 to July 1997. 


RCG/Hagler, Bailly Consulting, Inc., The New York State Externalities Cost Study, November 1994.


Redinger, K. E., A. Evans, R. Bailey, P. Nolan, “Mercury Emissions Control in FGD Systems,”
EPRI-DOE-EPA Combined Air Pollutant Control Symposium, Washington D.C., August 25-29, 1997.


Redinger, 1996.  Letter from Kevin E. Redinger of Babcock & Wilcox to William Maxwell, Emission
Standards Division, U.S. EPA.  February 7, 1996.


Reimann, D.O., 1993.  Mercury Removal as Indicator for the Efficiency of Flue Gas Cleaning Systems. 
Presented at the 1993 International Conference on Municipal Waste Combustion, Williamsburg,
Virginia.  March 1993.


Rester D., 1993, American North Company, Incorporated.  Telephone communication with K. Nebel,
Radian Corporation.  August 11, 1993.


Richman, M., D. Fickling and J. Hahn, 1993.  Mercury Removal Studies at a Municipal Waste
Combustor in Marion County, Oregon.  Presented at the 1993 International Conference on Municipal
Waste Combustion, Williamsburg, Virginia.  March 1993.


Riley, J., “Removal of Heavy Metals and Dioxin in Flue Gas Cleaning After Waste Incineration,” Air &
Waste Management Association.  June 16-21 1991.


Rini, M.J. and S. Srinivasachar, "Ultra High Efficiency ESP Development for Air Toxics Control,"
U.S./Japan Joint Technical Workshop, U.S. Department of Energy, State College, PA, September 30-
October 2, 1996.


Roberts, D.L. and R.M. Stewart, "Novel Process for Removal and Recovery of Vapor-Phase Mercury,"
First Joint DOE-PETC Power & Fuel Systems Contractors Conference, U.S. Department of Energy,
Pittsburgh, PA, July 9-11, 1996.


Roelke, M.E., Schultz, D.P., Facemire, C.F., Sundlof, S.F., Royals, H.E., 1991.  Mercury contamination
in Florida panthers:  a report of the Florida Panther Technical Subcommittee to the Florida Panther
Interagency Committee.


Ross & Associates, 1994.  Mercury Sources and Regulations:  Background Information for the Virtual
Elimination Pilot Project -- Draft.  Prepared for the U.S. EPA Great Lakes National Program Office. 
September 12, 1994.


Rostam-Abadi, M., et al, “Novel Vapor Phase Mercury Sorbents,”presented at the EPRI-DOE-EPA
Combined Utility Air Pollutant Control Symposium, Washington D.C., August 1997.


Schager, P., 1990.  Chalmers University of Technology and University of Göteborg.  The Behavior of
Mercury in Flue Gases.  Göteborg, Sweden.  







8-11


Senior, C.L., et al, � A Fundamental Study of Mercury Partitioning in Coal-Fired Power Plant Flue Gas,�


Paper 97-WA72B.08, presented at the 90  Annual Meeting  & Exhibition of the Air & Wasteth


Management association, Toronto Canada (June 8-13, 1997). 


Senior, C.L., Morency, J.R.,  Huffman, G.P.,  Huggins, F.E,  Shah, N. Peterson, T., Shadman, F., and
Wu, B., �Prediction of Mercury Speciation in Coal-Fired Power Plant Flue Gas: A Fundamental Study,�


paper presented at the Fourth EPRI Managing Hazardous Air Pollutants Conference, Washington, DC,
November 12-14, 1997.


Shepherd, Philip, 1993.  Solid Waste Association of America.  Mercury Emissions from Municipal Solid
Waste Incinerators:  An Assessment of the Current Situation in the U.S. and Forecast of Future
Emissions.  Prepared for the U.S. Department of Energy.  NREL/TP-430-5399.  


Sjostrum, S., et al,“Demonstration of Dry Carbon-Based Sorbent Injection for Mercury Control in Utility
ESPs and Baghouses,” Paper 97-WA72A.07, presented at the 90  Annual Meeting  & Exhibition of theth


Air & Waste Management association, Toronto Canada (June 8-13, 1997).


Srinivasachar, S., Porle, K., �Impact of Coal Characteristics and boiler Conditions on ESP Performance,�


presented at the EPRI-DOE-EPA Combined Utility Air Pollutant Control Symposium, Washington D.C.,
August 1997.


Stouffer, M.R., Rosenhoover, W. A., and Burke, F.P., �Investigation of Flue gas Mercury Measurements
and Control for Coal-Fired Sources,�  presented at the 89  Annual Meeting of the Air and Wasteth


Management Association, Nashville, TN, Paper 96-W64A.04, June, 1996.  
 
Teller, A. J., and J.M Quimby, "Mercury Removal from Incineration Flue Gas," Air & Waste
Management Association.  June 16-21 1991.


University of North Dakota Energy and Environment Research Center (UNDEERC), �Effective Sorbents
for Trace Metals,� A study performed from March 1994 to March 1995.  Abstract taken from the
UNDEERC internet web page.


U.S. Department of Health and Human Services (HHS).  1994.  Toxicological profile for mercury. 
Prepared by Clement International Corporation for the Agency for Toxic Substances and Disease
Registry.


U.S. Environmental Protection Agency, 1973.  Control Techniques for Mercury Emissions from
Extraction and Chlor-alkali Plants.  Research Triangle Park, North Carolina.


U.S. Environmental Protection Agency, 1984.  Review of National Emission Standards for Mercury. 
U.S. EPA-450/3-84-014.  Research Triangle Park, North Carolina.  


U.S. Environmental Protection Agency, 1989a.  Municipal Waste Combustors--Background Information
for Proposed Standards:  111(b) Model Plant Description and Cost Report.  U.S. EPA-450/3-89-27b. 
Research Triangle Park, North Carolina. 


U.S. Environmental Protection Agency, 1989b.  Municipal Waste Combustors Background Information
for Proposed Standards:  Cost Procedures.  U.S. EPA-450/3-89-27a.  Research Triangle Park, North
Carolina. 







8-12


U.S. Environmental Protection Agency, 1991.  Atmospheric deposition of toxic chemicals to surface
waters: Identification and summary of the recent literature (August 30, 1991 Draft).  Office of Air
Planning and Standards, U.S. EPA.


U.S. Environmental Protection Agency, 1991b.  Municipal Waste Combustion:  Background for
Materials Separation.  U.S. EPA/450-3-90-021.  Office of Air Quality Planning and Standards. Research
Triangle Park, North Carolina. 


U.S. Environmental Protection Agency, 1991c.  Medical Waste Incineration Emission Test Report--
Morristown Memorial Hospital, Morristown, New Jersey.  EMB Report 91-MWI-8. 


U.S. Environmental Protection Agency, 1992a.  Characterization of Products Containing Mercury in
Municipal Solid Waste in the U.S., 1970 to 2000.  U.S. EPA/530-R-92-013.  Office of Solid Waste,
Washington, D.C.  


U.S. Environmental Protection Agency, 1992a.  National study of chemical residues in fish: Volume I. 
Standards and Applied Science Division, Office of Science and Technology.  EPA 823-R-92-008a.


U.S. Environmental Protection Agency, 1992b.  Emission Test Report--OMSS Field Test on Carbon
Injection for Mercury Control.  U.S. EPA-600/R-92-192. 


U.S. Environmental Protection Agency,  1992b.  Tribes at risk: The Wisconsin Tribes comparative risk
project.  Regional and State Planning Branch, Office of Policy, Planning, and Evaluation.  EPA 230-R-
92-017.


U.S. Environmental Protection Agency, 1992c.  National study of chemical residues in fish.  Volume II. 
Standards and Applied Science Division, Office of Science and Technoogy.  EPA 823-R-92-008b.


U.S. Environmental Protection Agency, 1992d.  OAQPS Control Cost Manual.  U.S. EPA-450/3-90-006. 
Office of Air Quality Planning and Standards.  Research Triangle Park, North Carolina. 


U.S. Environmental Protection Agency, 1993a.  Relative atmospheric loadings of toxic contaminants and
nitrogen to the Great Waters.  Great Waters Program, Office of Air Quality Planning and Standards, U.S.
EPA.  Prepared by Baker et al.


U.S. Environmental Protection Agency, 1993c.  Regulatory impact assessment of proposed effluent
guidelines and NESHAP for the pulp, paper and paperboard industry [Final Report].  Engineering and
Analysis Division, Office of Science and Technology and Emission Standards Division, Office of Air
Quality Planning and Standards.  Prepared by RCG/Hagler Bailly, Tetra Tech, Inc. and Eastern Research
Group, Inc.


U.S. Environmental Protection Agency, 1993d.  Life-Cycle Assessment: Inventory Guidelines and
Principles, EPA/600/R-92/245, February 1993.


U.S. Environmental Protection Agency, 1993e.  1993 Reference Guide to Pollution Prevention
Resources, EPA/742/B-93-001, February 1993.


U.S. Environmental Protection Agency, 1994a.  President Clinton’s Clean Water Initiative: Analysis of
benefits and costs.  Office of Water.  EPA/800/S-94/001.







8-13


U.S. Environmental Protection Agency, 1994d.  Medical Waste Incinerators -- Background Information
for Proposed Standards and Guidelines:  Analysis of Economic Impacts for New Sources.  U.S. EPA-
453/R-94-047a.  Research Triangle Park, NC.


U.S. Environmental Protection Agency, 1994e.  Medical Waste Incinerators -- Background Information
for Proposed Standards and Guidelines:  Model Plant Description and Cost Report for New and Existing
Facilities.  U.S. EPA-453/R-94-045a.  Research Triangle Park, NC.


U.S. Environmental Protection Agency, Environment Canada, the International Lead and Zinc Research
Organization and the Greater Vancouver Regional District, 1992.  Waste Analysis, Sampling, Testing
and Evaluation (WASTE) Program:  Effect of Waste Stream Characteristics on MSW Incineration:  The
Fate and Behavior of Metals (Draft final report).  


U.S. Environmental Protection Agency, 1997.  Regulatory Impact Analyses for the Particulate Matter
and Ozone National Ambient Air Quality Standards and Proposed Regional Haze Rule.  Office of Air
Quality Planning and Standards, July 16, 1997.


U.S. DOE Report, prepared by UNDEERC, �A Comprehensive Assessment of Toxic Emissions for Coal-
Fired Power Plants: Phase I Results from The U.S. Department of Energy Study,� A study performed
from May to December 1993.  Report No. DE-FC21-93MC30097, Sept. 1996. 


Utilit y Data Institute (UDI), 1992.  State Directory of New Electric Power Plants.  Third Edition. 
Washington, DC., 1992, pp 2, 13.


Value Line Publishing, 1994a.  Electric Utility (East) Industry.  Value Line Publishing, Inc.  March 18,
1994.  Pages 159-194.


Value Line Publishing, 1994b.  Electric Utility (Central) Industry.  Value Line Publishing, Inc.  April 15,
1994.  Pages 701-744.


Vidic, R.D., and McLaughlin, J.D., �Uptake of of Elemental Mercury by Activated Carbons,� Journal of
A&WMA, Volume 46, March, 1996.


Vogg, H., H. Hunsinger and L. Stieglitz, 1990.  Contribution to Solving the Problem of Dioxins
Generated During Waste Incineration.  Chemical Engineering, Volume 13.


Waugh, E. G., et al, �Mercury control in Utility ESPs and Baghouses through Dry Carbon-Based Sorbent
Injection Pilot-Scale Demonstration,�presented at the EPRI-DOE-EPA Combined Utility Air Pollutant
Control Symposium, Washington D.C., August 1997.


Waugh, E.G., �Mercury and Acid Gas Control in Utility Baghouses through Sorbent Injection - Pilot-
Scale Demonstration,� presented at Power-Gen International’ 97, Dallas, Texas, December 9-11, 1997.


White, D.M., Radian Corporation and A.M. Jackson, Minnesota Pollution Control Agency, 1992. 
Technical Work Paper on Mercury Emissions from Waste Combustors.  Prepared for Minnesota
Pollution Control Agency, Air Quality Division, St. Paul, Minnesota.  December 1992.


White, D. and A. Jackson, 1993.  The Potential of Materials Separation as a Control Technique for
Compliance with Mercury Emission Limits.  Presented at the 1993 International Conference on
Municipal Waste Combustion, Williamsburg, Virginia.  March 1993.







A-1


APPENDIX A
TEST DATA ON THE EFFECTIVENESS OF


ACTIVATED CARBON INJECTION
FOR UTILITY BOILERS


Limited test data indicate that activated carbon (AC) injection effectively reduces mercury
emissions when used in conjunction with existing control devices, such as fabric filters (FFs) and spray
dryer absorbers (SDAs).


Table A-1 presents pilot-scale test data on the mercury removal efficiency of AC injection when
used ahead of FFs.  Such a configuration, with no prior PM control, has a median mercury removal
efficiency that varies with temperature and AC injection rate.  With a low AC injection rate (<1,000 wt
C/wt inlet Hg) and an average flue gas temperature between 107�C (225�F) and 121�C (250�F), a
median mercury removal efficiency of 29 percent was found, with a range from 14 percent to 47 percent
removal.  With a low AC injection rate (same as above) and an average flue gas temperature between
88�C and 107�C, a median mercury removal efficiency of 97 percent was found, with a range from
76 percent to 99 percent removal.  A high AC injection rate (>1,000 wt C/wt inlet Hg) and an average
flue gas temperature between 107�C (225�F) and 121�C (250�F) produced a median mercury removal
efficiency of 82 percent, with a range from 69 percent to 91 percent removal.  A high AC injection rate
(same as above) and an average flue gas temperature between 88�C (190�F) and 107�C (225�F)
produced a median mercury removal efficiency of 98 percent, with a range from 95 percent to 99 percent
removal (Chang et al., 1993).


Table A-2 presents test data for AC injection when used before SDA systems.  Tested SDA/ESP
systems with AC injection had a median mercury removal efficiency of 85.9 percent, with a range from
74.5 percent to 90.9 percent removal (Felsvang, 1993).  Pilot-scale testing of a SDA/FF system with AC
injection had a median mercury removal efficiency of 60 percent, with a range from 50 percent to
99 percent removal (Felsvang, 1993).







A-2


Table A-1
Activated Carbon Injection Before Fabric Filter Dataa


Unit Control Device Hg removal %


Low temperature + low carbon injection rate (< 1000 wt C/wt Hg) based on inlet Hg


Test #4, Run #1 AC + FF (88�C (190�F) and 216 wt C/wt inlet Hg; 97
inlet Hg concentration of 5.35 �g/dscm)


Test #4, Run #2 AC + FF (88�C (190�F) and 126 wt C/wt inlet Hg; 99
inlet Hg concentration of 8.19 �g/dscm)


Test #4, Run #3 AC + FF (91�C (196�F) and 123 wt C/wt inlet Hg; 97
inlet Hg concentration of 8.62 �g/dscm)


Test #6, Run #3 AC + FF (102�C (216�F) and 727 wt C/wt inlet Hg; 76
inlet Hg concentration of 1.94 �g/dscm)


High temperature + low carbon injection rate (< 1000 wt C/wt Hg) based on inlet Hg


Test #5, Run #1 AC + FF (107�C (225�F) and 362 wt C/wt inlet Hg; 14
inlet Hg concentration of 5.53 �g/dscm)


Test #5, Run #2 AC + FF (110�C (230�F) and 373 wt C/wt inlet Hg; 28
inlet Hg concentration of 4.45 �g/dscm)


Test #5, Run #3 AC + FF (116�C (241�F) and 457 wt C/wt inlet Hg; 47
inlet Hg concentration of 3.47 �g/dscm)


Test #6, Run #1 AC + FF (121�C (250�F) and 286 wt C/wt inlet Hg; 29
inlet Hg concentration of 5.04 �g/dscm)


Test #6, Run #2 AC + FF (118�C (244�F) and 367 wt C/wt inlet Hg; 35
inlet Hg concentration of 4.22 �g/dscm)


Low temperature + high carbon injection rate (> 1000 wt C/wt Hg) based on inlet Hg


Test #2, Run #1 AC + FF (91�C (196�F) and 2843 wt C/wt inlet Hg; 95
inlet Hg concentration not measured but assumed to be
7.00 �g/dscm)


Test #2, Run #2 AC + FF (96�C (205�F) and 3132 wt C/wt inlet Hg; 98
inlet Hg concentration not measured but assumed to be
7.00 �g/dscm)


Test #2, Run #3 AC + FF (93�C (200�F) and 3121 wt C/wt inlet Hg; 98
inlet Hg concentration not measured but assumed to be
7.00 �g/dscm)


Test #3, Run #2 AC + FF (93�C (200�F) and 4361 wt C/wt inlet Hg; 99
inlet Hg concentration of 6.23 �g/dscm)







Table A-1 (continued)
Activated Carbon Injection Before Fabric Filter Data


Unit Control Device Hg removal %
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Test #3, Run #3 AC + FF (96�C (205�F) and 3850 wt C/wt inlet Hg; 99
inlet Hg concentration of 6.91 �g/dscm)


High temperature + high carbon injection rate (> 1000 wt C/wt Hg) based on inlet Hg


Test #3, Run #1 AC + FF (110�C (230�F) and 3332 wt C/wt inlet Hg; 91
inlet Hg concentration of 7.95 �g/dscm)


Test #7, Run #1 AC + FF (121�C (250�F) and 1296 wt C/wt inlet Hg; 69
inlet Hg concentration of 4.66 �g/dscm)


Test #7, Run #2 AC + FF (121�C (250�F) and 1954 wt C/wt inlet Hg; 76
inlet Hg concentration of 4.30 �g/dscm)


Test #7, Run #3 AC + FF (116�C (241�F) and 3649 wt C/wt inlet Hg; 87
inlet Hg concentration of 2.09 �g/dscm)


 Source:  Chang et al., 1993a


Table A-2
Activated Carbon Injection Before Spray Dryer Absorption Dataa


Unit Control Device Hg Removal %


SDA/ESP


Denmark AC + SDA/ESP (inlet Hg concentration 80.3, 85.8, 75.8, 74.5, 90.9,
ranges from 3.5 - 7.9 �g/dscm) 89.5, 89.3, 86.7, 85.9


SDA/FF


NSP Sherco 3 (pilot AC + SDA/FF (inlet Hg concentration 50-60
unit) unknown)


Plant D2 AC + SDA/FF (inlet Hg concentration of 3.9 >99
�g/dscm)


 Source:  Felsvang, 1993a
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APPENDIX B
MODEL PLANT COST EVALUATION


This appendix presents model plant cost analyses for installing and operating applicable mercury
control techniques at each of the four source types described in Chapter 2.  The cost estimates are based
on information supplied by various vendors and taken from the literature, and may not reflect
commercial considerations such as vendor guarantees.  The cost estimates reflect generalized costs and
are not intended to be site specific.  Plant-to-plant variations can result in higher or lower technology
performance and associated costs.


An effort was made to convert the dollars to reflect the currency rate in the early 1990s.  For
carbon filter beds and selenium filters, conversion from foreign currencies to U.S. dollars is based on a
June 1993 exchange rate.


B.1 Municipal Waste Combustors


B.1.1 Model Plant Description


Two model plants were selected to represent MWCs based on the model plants used in the EPA's
model plant cost report for MWCs (U.S. EPA, 1989a).  The first is a small mass burn/waterwall
(MB/WW) MWC with two units and a total plant capacity of 180 Mg/day (200 tpd).  This model plant is
equipped with dry sorbent injection (DSI) and an ESP.  Few MWCs are currently equipped with this
control device combination (Fenn and Nebel, 1992), but it is expected that a number of MWCs will be
installing this technology in the future.  The second model plant is a large MB/WW MWC with
three units and a total plant capacity of 2,045 Mg/day (2,250 tpd) of MSW.  This model plant is equipped
with a SD/FF pollution control system.  Both model plants are assumed to operate at full capacity
90 percent of the year.


Inlet mercury levels for the two model plants are assumed to be 700 µg/dscm (306 gr/million
dscf) based on typical inlet levels at MWCs (U.S. EPA, 1993).  The model plant analyses assume a
baseline DSI/ESP mercury reduction of 15 percent and a baseline SD/FF mercury reduction of
30 percent.  This results in a mercury level before add-on controls of 595 µg/dscm (260 gr/million dscf)
for the small model plant and 490 µg/dscm (214 gr/million dscf) for the large model plant.  The assumed
baseline control efficiency reflects typical MWC operation; however, actual values vary from plant to
plant.


The following sections present the cost analyses of different mercury control options for MWCs. 
Section B.1.2 provides a qualitative cost discussion on material separation costs for batteries. 
Sections B.1.3 through B.1.5 provide quantitative cost information on applying activated carbon
injection, CFB's and a polishing wet scrubber to the MWC model plants.  A sensitivity analysis of the
effect of lower mercury levels in the flue gas is also included.


B.1.2 Material Separation


Comprehensive cost data on battery separation programs in the United States are not available. 
Most programs are operated by local governments, and the expenses for administration, overhead and
educational/promotional efforts typically are not reported.  Hennepin County, Minnesota, reported that







      $175,000/yr divided by 110 kg/yr divided by 0.50 = $3,180/kg.1


      Mercury reduction can be increased with higher levels of carbon.2
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their voluntary drop-off program for household batteries costs an average of $175,000 per year, which is
roughly equivalent to $0.40/Mg ($0.37/ton) of MSW combusted.  This cost included collection, sorting,
disposal and associated administration costs (Shepherd, 1993; White and Jackson, 1993).  During the
first 3 years of operation, this program collected an estimated 330 kg (730 lb) of mercury--equivalent to
reducing the mercury content of the waste stream by approximately 13 percent (White and Jackson,
1993).  Assuming a 50 percent mercury control efficiency by the SD/FF system at the Hennepin County
MWC, this equates to a cost effectiveness of approximately $3,180/kg  ($1,450/lb) of reduced mercury1


emissions.  Costs of other community household battery separation programs are not readily available,
and they will vary depending on community-specific conditions.


Once household batteries that test hazardous have been collected, they must be disposed of at a
hazardous waste facility or sent to a metals recycler.  The only mercury-containing batteries that can be
recycled currently in the United States are mercury-zinc batteries and mercuric oxide batteries that have
been sorted by type.  Mercury Refining Company in Lathem, New York, accepts sorted mercury-zinc
button cells for a fee of $3.30/kg ($1.50/lb) of batteries (shipping not included) (Shepherd, 1993).


B.1.3 Activated Carbon Injection


Table B-1 presents estimated costs for using activated carbon injection on the 180-Mg/day (200-
tpd) and the 2,050-Mg/day (2,250-tpd) MWCs.  Carbon injection is assumed to achieve an average
mercury reduction of 85 percent with a carbon feed rate of 320 mg/dscm (0.14 gr/dscf) for the DSI/ESP-
equipped plant (Kilgroe et al., 1993) and 75 mg/dscm (0.033 gr/dscf) for the SD/FF-equipped plant (U.S.
EPA, 1992c).   This results in outlet mercury levels after carbon injection of approximately 90 and2


75 µg/dscm (35 and 26 gr/million dscf) for the two MWCs respectively.  The DSI/ESP-equipped plant
requires a higher feed rate because the ESP does not provide secondary reaction between the carbon and
the flue gas, as occurs on the bags of the FF.  Also, the flue gas temperature is higher with the DSI/ESP
system than with the SD/FF system (177�C [350�F] vs. 135�C [275�F]).


The capital cost listed in Table B-1 includes purchased equipment (PE), installation, indirect and
contingency costs for the mercury control system.  The major equipment items include a carbon holding
tank and metering system, a pneumatic feed system and injection ports into the ductwork.  These costs
are estimated to be approximately $87,100 and $372,000 for the small and large MWCs, respectively,
and include the costs of installation (Guest and Knizek, 1991).  Indirect costs are estimated to be
33 percent of PE costs, and contingency costs are estimated to be 20 percent of PE costs plus indirect
costs.  These costs are based on the cost factors used for a DSI system in the MWC cost procedures (U.S.
EPA, 1989b).  Installation is assumed to occur during a regular plant outage, so no cost associated with
downtime is included in the capital costs.


The operating and maintenance (O&M) cost includes labor; maintenance materials; activated
carbon costs; disposal; overhead; and taxes, insurance and administrative charges.  With the exception of
carbon, disposal costs and capital recovery, costs are based on the MWC
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Table B-1
Cost Estimates for Activated Carbon Injection on Municipal Waste Combustorsa


Parameter Small Model Plant Large Model Plant


Plant Size (Mg/day) 180 2,045
Number of Units 2 3
Unit Size (Mg/day) 90 680
Flue Gas Flow (dscm/hr @ 7% O ) 30,500 343,0002


Air Pollution Control Device DSI/ESP SD/FF
Hg Level Before Carbon (µg/dscm @ 7% O ) 595 4902


Hg Level After Carbon (µg/dscm @ 7% O ) 90 752


Capacity Factor (%) 90 90


CAPITAL COST ($)
Purchased Equipment (PE) 87,100 372,000b


Installation 0 0c


Indirect 28,700 123,000d


Contingency 23,200 99,000e


Total Capital Cost (TCC) 139,000 594,000


OPERATING AND MAINTENANCE (O&M) ($/yr)
Operating Labor 52,600 78,800f


Supervision 7,880 11,800g


Maintenance Labor 14,500 21,700h


Maintenance Materials 4,350 18,600i


Power 0 0j


Carbon 84,800 222,000k


Disposal 0 0l


Overhead 47,600 78,600m


Taxes, Insurance, Administration 5,560 23,700n


Capital Recovery 15,300 65,200o


Total ($/yr) 232,000 520,000p


$/Mg MSW 3.90 0.77
$/ton MSW 3.50 0.70


Mercury Reduction (kg/yr) 121 1,120
Mercury Reduction (lb/yr) 267 2,470


$/kg Mercury 1,910 464
$/lb Mercury 870 211


Cost numbers may not add exactly due to round-off.a


Based on $200,000 equipment costs for a 730-Mg/day MWC.  Equipment costs scaled based on 0.6 rule.b


Included in PE costs.c


33 percent of PE costs.d


20 percent of PE + indirect costs.e


2 hr/shift @ $12/hr (per unit).f


15 percent of operating labor costs.g


0.5 hr/shift @ 10 percent wage rate premium over labor wage (per unit).h


5 percent of operating labor costs.i


Power costs associated with the active carbon injection system are assumed to be negligible.j


Based on $1.10/kg of carbon and a carbon feed rate of 320 and 75 mg/dscm for the two plants, respectively.k


Increase in disposal costs due to carbon injection are assumed to be negligible.l


60 percent of labor and maintenance costs.m


4 percent of TCC.n


Using a capital recovery factor of 0.1098 (7 percent interest rate for 15 years).o


Total costs equal capital recovery costs plus O&M costs.p
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cost procedures.  The cost of activated carbon ranges from $1.10 to $2.20/kg ($0.50 to 1.00/lb)
depending on the raw material used to produce the carbon and the specific surface area of the carbon
(Brown, 1991).  Based on a carbon cost of $1.10/kg ($0.50/lb) and a carbon feed rate of 75 mg/dscm
(0.033 gr/dscf), the carbon costs are roughly $0.33/Mg ($0.30/ton) of MSW.  At a feed rate of 320
mg/dscm (0.14 gr/dscf), carbon costs are approximately $1.40/Mg ($1.30/ton) of MSW.  The addition of
carbon into the flue gas has a negligible impact on the quality of collected PM requiring disposal. 
Therefore, the ash disposal costs associated with an activated carbon injection system are assumed to be
negligible.  The capital recovery factor (CRF) is based on a 7 percent interest rate annualized over
15 years (CRF = 0.1098).  Total costs include the capital recovery costs and O&M costs.  The largest
contributions to the cost of an activated carbon system are typically carbon and labor costs.


The overall estimated costs for an activated carbon injection system are approximately $3.9/Mg
($3.5/ton) of MSW for the 180-Mg/day (200-tpd) MWC and $0.77/Mg ($0.70/ton) of MSW for the
2,045-Mg/day (2,250-tpd) MWC.  Of this amount, operating expenses account for approximately
80 percent of the total.  On the basis of dollars per kilogram of mercury removed from the flue gas, the
costs are $1,910/kg ($870/lb) and $464/kg ($211/lb) for the 180-Mg/day (200-tpd) and the 2,045 Mg/day
(2,250-tpd) MWCs, respectively.


Table B-2 provides a sensitivity analysis showing the impact of mercury input level on the costs
expressed in dollars per megagram of MSW burned and dollars per kilogram of mercury removed.  For
the purpose of the sensitivity analysis, the mercury input level was assumed to be reduced by 50 percent
through materials separation or other means while the carbon feed rate is maintained at the same level. 
Under these assumptions, the outlet mercury levels are reduced to 45 µg/dscm (20 gr/million dscf) and
35 µg/dscm (15 gr/million dscf).  The total annualized cost of the carbon system remains the same, but
the cost per kilogram of mercury removed increases.  For the 180-Mg/day (200-tpd) MWC, the cost
increases to $3,790/kg ($1,720/lb) of mercury removed.  For the 2,045-Mg/day (2,250-tpd) MWC, the
cost increases to $915/kg ($416/lb) of mercury removed.  Costs for a materials separation program are
not included in the sensitivity analysis.


Table B-2
Sensitivity Analysis for


Activated Carbon Injection System on MWCs


   180-Mg/day MWC   2,045-Mg/day MWC


Operating Assumptions $/Mg MSW $/kg Hg $/Mg MSW $/kg Hg


Base Case (Table A-1) 3.9 1,910 0.77 464


50% Lower Hg Input 3.9 3,790 0.77 915a


Inlet mercury level (upstream of APCD) is reduced to 350 µg/dscm.  There is no change in capital or operating costs. Thea


amount of mercury removed is the only factor affected. The outlet mercury level is 40 µg/dscm and 30 µg/dscm for the small
and large plants, respectively.
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B.1.4 Carbon Filter Beds


Table B-3 presents estimated costs for applying a carbon bed filter to the 180-Mg/day (200-tpd)
and the 2,045-Mg/day (2,250-tpd) MWCs.  The carbon filter bed is assumed to achieve greater than
99 percent reduction of mercury emissions, with outlet levels for both MWCs of 1 µg/dscm
(0.44 gr/million dscf) (Hartenstein, 1993c).


The capital cost includes PE, installation, indirect and contingency costs.  The major equipment
items include the filter, the steel structure, carbon conveyors and storage and ducting.  These costs are
estimated to be $10,500,000 for the 180-Mg/day (200-tpd) MWC and $45,000,000 for the 2,045-Mg/day
(2,250-tpd) MWC (Petersen, 1993).  Indirect costs are estimated to be 28 percent of the PE costs based
on the cost factor used for carbon adsorbers in the OAQPS Control Cost Manual (U.S. EPA, 1992d). 
Contingency costs are estimated to be 10 percent of PE costs.  This contingency factor is limited to
process uncertainties and reflects the technical and economic risks associated with a new process
application (Electric Power Research Institute, 1986).  For the small MWC, no cost associated with
downtime for installing the filter bed is included.  It is assumed that this retrofit will occur during other
retrofits (e.g., of the DSI system) needed to comply with anticipated new source performance standard
(NSPS) revisions under the Clean Air Act.  For the large MWC, which is assumed to already have the
SD/FF system in place, 1 month of downtime is included for installation of the filter system.  Costs
associated with the downtime are based on the EPA's MWC cost procedures (U.S. EPA, 1989b).


The O&M costs include labor; maintenance materials; carbon; power; disposal; overhead; taxes,
insurance and administrative charges; and capital recovery.  With the exception of carbon, power,
disposal and capital recovery, these costs are based on the MWC cost procedures (U.S. EPA, 1989b). 
The annual carbon cost is based on the activated carbon price of $1.10/kg ($0.50/lb) and a usage rate of
2.20 kg carbon/Mg (4.4 lb carbon/ton) of MSW (Hartenstein, 1993a).  Activated carbon is used in this
estimate instead of the cheaper German Hearth Oven Coke (HOC) (~$0.35/kg [$0.15/lb]) because the
availability of HOC in the United States is unknown.


The cost of power is based on a pressure drop of 305 mm (12-in. water) and a cost of 46 mills
per kilowatt-hour (mills/kWh) (Hartenstein, 1990; U.S. EPA, 1989b).  Disposal costs are based on a
hazardous waste disposal rate of $200/ton.  A CRF of 0.1098 (7 percent over 15 years) was used to
annualize the capital costs.


The estimated costs for a filter bed system are approximately $10/Mg ($9/ton) and $6/Mg
($5/ton) for the 180-Mg/day (200-tpd) and 2,045-Mg/day (2,250-tpd) MWCs, respectively.  Of this
amount, 75 to 80 percent is directly related to the capital cost of the system (including taxes, insurance
and administration).  On the basis of dollars per kilogram of mercury removed, the costs are $2,378/kg
($1,083/lb) and $1,130/kg ($513/lb) for the two unit sizes, respectively.


Table B-4 shows the results of a sensitivity analysis to determine the impact of reduced mercury
input on the costs expressed in dollars per megagram of waste burned and dollars per kilogram of
mercury removed.  As discussed in section 2.2.1, the size of the filter and the amount of carbon used
depend on flue gas flow rate and pressure drop, not mercury inlet level.  As a result, when the mercury
inlet level is reduced by 50 percent through materials separation or other means, the capital and operating
costs do not change.  The cost per kilogram of mercury removed, however, increases substantially
because of the decreased amount of mercury removed annually by the filter bed.  For the 180-Mg/day
(200-tpd) MWC, the cost increases to $4,756/kg ($2,161/lb) of mercury removed.  For the 2,045-Mg/day
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(2,250-tpd) MWC, the cost increases to $2,260/Mg ($1,027/lb) of mercury removed.  Costs associated
with a materials separation program are not included in the sensitivity analysis.


Table B-3
Cost Estimate for a Carbon Filter Bed on MWC'sa


Parameter Small Model Plant Large Model Plant


Plant Size (Mg/day) 180 2,045
Number of Units 2 3
Unit Size (Mg/day) 90 682
Flue Gas Flow (dscm/hr @ 7% O ) 30,500 343,0002


Air Pollution Control Device DSI/ESP SD/FF
Hg Level Before Filter (µg/dscm @ 7% O ) 595 4902


Hg Level After Filter (µg/dscm @ 7% O ) 1 12


Capacity Factor (%) 90 90


CAPITAL COST ($)
Purchased Equipment (PE) 330,834 2,315,284b


Installation 0 0c


Indirect 92,634 648,280d


Contingency 33,083 231,528e


Total Capital Cost (TCC) 456,551 3,195,092
Downtime 0 1,325,000f


TCC + Downtime 456,551 4,520,092


OPERATING AND MAINTENANCE (O&M) ($/yr)
Operating Labor 105,000 158,000g


Supervision 15,750 23,700h


Maintenance Labor 14,500 21,700i


Maintenance Materials 4,566 31,951j


Carbon 16,278 166,084k


Power 29,700 307,000l


Disposal 1,978 20,179m


Overhead 83,889 141,211n


Taxes, Insurance, Administration 18,262 127,804o


Capital Recovery 60,129 496,306p


Total ($/yr) 340,052 1,493,934q


$/Mg MSW 10.35 6.00
$/ton MSW 9.39 5.44


Mercury Reduction (kg/yr) 143 1,322
Mercury Reduction (lb/yr) 314 2,910


$/kg Mercury 2,378 1,130
$/lb Mercury 1,083 513


Cost numbers may not add exactly due to round-off.a


Based on order of magnitude estimates for carbon usage.b


Included in PE costs.c


28 percent of PE costs.d


10 percent of PE costs.e


Downtime of 15 days assumed for large MWC.  For small MWC, installation assumed to occur during other retrofits, sof


downtime costs are zero.
4 hr/shift @ $12/hr (per unit).g


15 percent of operating labor costs.h


0.5 hr/shift @ 10 percent wage rate premium over labor wage (per unit).i


1 percent of TCC.j


Based on $1.10/kg of carbon and 2.2 kg carbon/Mg MSW.k


Using a pressure drop of 305 mm (water) and 46 mills per kilowatt-hour (mills/kWh).l


 Based on a hazardous waste disposal rate of $220/Mg.m
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60 percent of labor and maintenance costs.n


4 percent of TCC.o


Using a capital recovery factor of 0.1098 (7 percent interest rate for 15 years).p


Total costs equal capital recovery costs plus O&M costs.q


Table B-4
Sensitivity Analysis for a Carbon Filter Bed System on MWCs


  180-Mg/day MWC  2,045-Mg/day MWC


Operating Assumptions $/Mg MSW $/kg Hg $/Mg MSW $/kg Hg


Base Case (Table B-3) 10 2,378 6 1,130


50% Lower Hg Input 20 4,756 12 2,260a


Inlet mercury level (upstream of APCD) is reduced to 325 µg/dscm.  There is no change in capital or operating costs.  Thea


amount of mercury removed is the only factor affected. The outlet mercury level remains at 1 µg/dscm.


B.1.5 Wet Scrubbing


Table B-5 presents estimated costs for applying a polishing WS system on the 180-Mg/day (200-
tpd) and the 2,0450 Mg/day (2,250-tpd) MWCs.  The polishing WS system is assumed to achieve
85 percent reduction of the mercury level after the APCD, resulting in outlet mercury levels of
approximately 90 and 75 µg/dscm (35 and 26 gr/million dscf) for the two MWCs,  respectively.


The capital cost includes PE, installation, indirect, contingency and downtime costs.  The PE
costs are estimated to be $2,600,000 and $13,000,000 for the small and large MWCs, respectively and
include the costs of installation (Nebel et al., 1994).  Indirect costs are estimated to be 33 percent of PE
costs and contingency costs are estimated to be 20 percent of PE costs plus indirect costs.  These costs
are based on the cost factors used in the MWC cost procedures (U.S. EPA, 1989b).  For the small MWC,
no cost associated with downtime for installing the WS system is included.  It is assumed that this retrofit
will occur during other APCD retrofits.  For the large MWC, which is assumed to already have the
SD/FF system in place, 1 month of downtime is included for installation of the WS system.  Costs
associated with the downtime are based on the EPA's MWC cost procedures (U.S. EPA, 1989b).


The costs for operating and maintenance labor, electric power, lime, water, water treatment and
residue disposal are based on information provided from a wet scrubber vendor (Nebel et al., 1994). 
Costs for overhead and taxes, insurance and administration charges are based on the EPA's MWC cost
procedures (U.S. EPA, 1989b).  A CRF of 0.1098 (7 percent over 15 years) was used to annualize the
capital costs.


The overall estimated costs for a polishing WS system equate to approximately $14.9/Mg
($13.5/ton) and $5.9/Mg ($5.3/ton) of MSW for the small and large model plants, respectively.  The cost
effectiveness values are $7,300/kg ($3,320/lb) of mercury removed for the small MWC and $3,520/kg
($1,600/lb) of mercury removed for the large MWC.
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Table B-5
Cost Estimate for a Polishing Wet Scrubbing


System on Municipal Waste Combustorsa


Parameter Small Model Plant Large Model Plant


Plant Size (Mg/day) 180 2,045
Number of Units 2 3
Unit Size (Mg/day) 90 682
Flue Gas Flow (dscm/hr @ 7% O ) 30,490 343,0002


Air Pollution Control Device DSI/ESP SD/FF
Inlet Hg Level (µg/dscm @ 7% O ) 595 4902


Outlet Hg Level (µg/dscm @ 7% O ) 90 752


Capacity Factor (%) 90 90


CAPITAL COST ($)
Purchased Equipment (PE) 2,590,000 13,000,000b


Installation 0 0c


Indirect 854,000 4,290,000d


Contingency 688,000 3,460,000e


Total Capital Cost (TCC) 4,130,000 20,750,000
Downtime 0 270,000f


TCC + Downtime 4,130,000 21,020,000


OPERATING AND MAINTENANCE (O&M) ($/yr)g


Operating Labor 80,000 80,000
Supervision 12,000 12,000
Maintenance Labor 54,700 177,000
Electric Power 20,900 235,000
Reagent (Lime) 0 0
Water 3,300 37,100
Water Treatment 3,800 42,800
Residue Disposal 4,900 55,100
Overhead 88,100 161,000h


Taxes, Insurance, Administration 165,000 830,000i


Capital Recovery 453,000 2,310,000j


Total ($/yr) 886,000 3,940,000k


$/Mg MSW 14.9 5.9
$/ton MSW 13.5 5.3


Mercury Reduction (kg/yr) 121 1,120
Mercury Reduction (lb/yr) 267 2,470


$/kg Mercury 7,300 3,520
$/lb Mercury 3,320 1,600


Cost numbers may not add exactly due to round-off.a


Based on cost estimates from Belco Technologies Corporation (35 percent less than PE cost for a two-stage system).b


Included in PE costs.c


33 percent of PE costs.d


20 percent of PE + indirect costs.e


Downtime of 1 month assumed for large MWC.  For small MWC, installation assumed to occur during other retrofits, so downtime costs aref


zero.
Operating and maintenance costs are based on costs provided by Belco for a three-stage wet scrubbing system.  Costs for electric power,g


water, water treatment and residue disposal were cut in half in attempt to account for the smaller system.
60 percent of labor and maintenance costs.h


4 percent of TCC.i


Using a capital recovery factor of 0.1098 (7 percent interest for 15 years).j


Total costs equal capital recovery costs plus O&M costs.k
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Table B-6 provides a sensitivity analysis showing the impact of mercury input level on the costs
expressed in dollars per megagram of MSW burned and dollars per kilogram of mercury removed. 
Assuming the mercury input is reduced by 50 percent through materials separation or other means, the
total annualized cost remains the same, since capital and operating costs of the WS system do not
change.  Outlet mercury levels are reduced to 45 µg/dscm (17 gr/million dscf) and 35 µg/dscm
(13 gr/dscf) for the small and large MWCs, respectively.  The cost per kilogram of mercury removed,
however, increases substantially because of the decreased amount of mercury removed annually by the
WS system.  For the 180-Mg/day (200-tpd) MWC, the cost increases to $14,570/kg ($6,590/lb) of
mercury removed.  For the 2,045-Mg/day (2,250-tpd) MWC, the cost increases to $6,930/kg ($3,140/lb)
of mercury removed.  Costs for a materials separation program are not included in the sensitivity
analysis.


Table B-6
Sensitivity Analysis for a


Polishing Wet Scrubbing System on MWCs


180-Mg/day MWC 2,045-Mg/day MWC


Operating Assumptions $/Mg MSW $/kg Hg $/Mg MSW $/kg Hg


Base Case (Table B-5) 14.9 7,300 5.9 3,520


50% Lower Hg Input 14.9 14,570 5.9 6,930a


Inlet mercury level (upstream of APCD) is reduced to 350 µg/dscm.  There is no change in capital or operating costs. Thea


amount of mercury removed is the only factor affected.  The outlet mercury level is 45 µg/dscm and 35 µg/dscm for the small
and large plants, respectively.


B.2 Medical Waste Incinerators


B.2.1 Materials Separation


There is no report of costs of materials separation programs at medical facilities.  The cost
effectiveness of a battery separation program at a hospital may be better than in the general population if
the hospital staff is well-trained and motivated.  In general, the high-mercury-content instrument
batteries used in hospitals are handled by a limited number of staff.  Therefore, the administrative and
educational costs associated with a separation program should be minimal.  The collection and handling
costs of separating a relatively small number of high- concentration mercury batteries would also be
small.


B.2.2 Wet Scrubbing


For detailed cost estimates of the technolgies needed to meet the MWI emission guidelines for
mercury and other pollutants, the reader is encouraged to consult Hospital/Medical/Infectious Waste
Incinerators: Background Information for Promulgated Standards and Guidelines - Regulatory Impact Analysis for
New and Existing Facilities (EPA-453/R-97-009b).  National cost estimates and a discussion of the MWI
emission guidelines are presented in Chapter 3 of this volume.







B-10


B.3 Utility Boilers


B.3.1 Model Plant Description


Three model coal-fired utility plants were developed to represent different methods of
controlling mercury emissions.  All three operate with a capacity factor of 65 percent; that is 5,694 hr/yr. 
Fuel characteristics include chloride levels assumed to be sufficiently high that all the mercury in the flue
gas is in the form of HgCl .  (It should be noted that the assumption of mercury in the form of 1002


percent HgCl  in the utility flue gas was made because the highest, or worst case, activated carbon2


injection rates were projected for the case of 100 percent HgCl  [Heath and Turner, 1994]).  The inlet2


mercury level to the control systems associated with each coal-fired model plant is 10 µg/dscm
(4.4 gr/million dscf) at 20�C (68�F).


Model plant 1 is a 975-megawatt (MW) coal-fired boiler firing low-sulfur coal with a chloride
content of 0.1 percent.  The model plant has a flue gas volume of 4,050,000 dscm/hr and is equipped
with a cold-side ESP.  The temperature ahead of the ESP is 157�C (314�F) and the temperature exiting
the ESP is 150�C (300�F).  No mercury control across the ESP is assumed.


Model plant 2 is a 975-MW coal-fired boiler firing high-sulfur coal (chloride content of
0.1 percent) and is equipped with a cold-side ESP (150�C [300�F]) and an FGD system.  The FGD
system is assumed to be 50 percent efficient for mercury control and the controlled mercury level is
5 µg/dscm (2.2 gr/million dscf) (Noblett et al., 1993).


Model plant 3 is identical to Model plant 1, except that it has a capacity of 100 MW (Noblett et
al., 1993).  The model plant has a flue gas volume of 411,000 dscm/hr.  The gas temperature ahead of the
ESP is 146�C (295�F) and the ESP outlet temperature is 137�C (280�F).  Again, no mercury control
across the ESP is assumed.


Seven control variations of the model plants were analyzed; five of the seven involved
controlling emissions using activated carbon injection.  Mercury control of the units is accomplished by
one of the following methods:


� Direct injection of activated carbon ahead of the existing PM control device;


� Spray cooling of the flue gas after the existing PM control device (or after the air
preheater for oil-fired boilers with no PM control device), followed by activated carbon
injection and an FF to collect the mercury-laden carbon; 


� Spray cooling of the flue gas after the air preheater, followed by activated carbon
injection before the existing PM control device; or


� A carbon filter bed.


Table B-7 summarizes the model utility boilers and mercury controls used in the cost analysis.
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Table B-7
Model Utility Boilers and Mercury Controls Used in Cost Analysis


Model Size (MW) Fuel Pre-Existing Controls Mercury Control


1a 975 Low-sulfur Coal ESP AC injectiona


1b 975 Low-sulfur Coal ESP Spray cooler, AC injection, fabric filter


1c 975 Low-sulfur Coal ESP Spray cooler, AC injection


1d 975 Low-sulfur Coal ESP Carbon filter bed


2 975 High Sulfur Coal ESP/FGD Carbon filter bed


3a 100 Low-sulfur Coal ESP AC injection


3b 100 Low-sulfur Coal ESP Spray cooler, AC injection, fabric filter


 AC = activated carbon.a


The coal-fired boiler flue gas is at 150�C (302�F) and 5 percent moisture at the ESP outlet.  It
was assumed that the carbon injection would remove 90 percent of the mercury from coal-fired flue gas. 
Carbon with adsorbed mercury is assumed to be a hazardous waste if collected in a dedicated FF.  When
collected with fly ash in an existing ESP, the concentration of mercury is assumed to be too small to
require the ash-carbon mixture to be classified as hazardous.  Waste disposal costs are included in the
cost estimates.


Simplified diagrams of the spray cooling and activated carbon injection systems are shown in
Figures B-1 and B-2.  As discussed in Section 2.2.7, each of these methods may not be applicable under
certain conditions.  Depending on the characteristics of the activated carbon, it may not be collected
effectively in an existing ESP.  High activated carbon injection rates were projected for the models that
did not use spray cooling.  The highest activated carbon injection rate may add a concentration of about
345 mg/actual cubic meter (acm) (0.15 gr/actual cubic feet [acf]), or about 5 percent of the typical fly ash
loading in coal-fired utility flue gas.  The increased carbon content of the fly ash may adversely affect
ESP performance.  Spray cooling the flue gas may cause corrosion and ash handling problems if the dew
point is reached or if the spray is not completely evaporated.  Alternately, spray cooling the particulate-
laden flue gas may improve PM collection efficiency (especially if switching to low-sulfur coal) and the
addition of small amounts of carbon may also improve collection efficiency.  Whether the activated
carbon has a positive or negative effect on ESP performance depends on site-specific operating and flue
gas conditions.  For model plants where a FF is added to collect mercury-laden carbon, the design is
assumed to be appropriate for handling flue gas at 93�C (200�F) without "blinding" the FF bags.


The following sections present the cost analyses of different mercury control options for the
model plant boilers.  Cost information for the model plants using activated carbon injection alone, and in
combination with spray cooling and additional PM control, is presented in section B.3.2.  It should be
stressed that the effectiveness of carbon injection in controlling mercury emissions from MWCs has been
proven, but the technology is undergoing testing for application to utility boilers at only pilot-scale
facilities.  Section B.3.3 provides cost information on applying a carbon filter bed to the model plants.
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B.3.2 Activated Carbon Injection 


Activated carbon injection rates for model utility boilers used in costing carbon injection are
shown in Table B-8.  The table shows each model, its size, concentration of mercury in the flue-gas,
temperature at the point of carbon injection and the mass ratio of carbon to mercury in the entering flue
gas.


Table B-8
Carbon Injection Rates for Utility Boiler Models with Mercury Control


Model (MW) (�g/dscm) of Injection (�C) (g carbon/g Hg)
Size Point of Injection Temperature at Point Carbon Usage


Flue Gas Hg
Concentration at Flue Gas


1a 975 10 157 34,200


1b 975 10 93 460


1c 975 10 93 460


3a 100 10 146 17,200


3b 100 10 93 460


Carbon to mercury ratios were selected by using two equations obtained from Calgon
Corporation and described by Heath and Turner (1994).  The equations depend on temperature as the
only variable not attributable to adsorbate characteristics when used for a specific activated carbon.  For
this work, the carbon was assumed to be Calgon PCB 6x6.


As indicted in the table, only three flue-gas temperatures were used for the various models.  For
those with waste spray cooling, 93�C (200�F) was assumed to be the temperature at the point of carbon
injection.  For models not using water spray cooling, the temperatures were 157�C (315�F) and 146�C
(295�F) for the 975 MW and 100 MW plants, respectively.


The carbon injection rates used for the cost models were based on information available at the
time this Report was prepared.  The rates seemed comparable (or conservative) compared to early EPRI
work (Chang et al. 1993) for the low temperature injection, but were less certain for the higher
temperatures.  For some conditions, rates to 100,000 g carbon/g Hg may be required.


Tables B-9 through B-12 present the costs of applying activated carbon injection to the model
plants.  The cost components presented in these tables are similar to those presented in section 2.1.3 with
some exceptions.  Purchased equipment costs for spray coolers and activated carbon injection systems
are based on vendor contacts (Durham and Ebner, 1993; Hoagland, 1993) and FF costs are estimated
from the EPA's OAQPS Control Cost Manual (U.S. EPA, 1992d).  Costs from the OAQPS manual are
based on average costs for baghouses in many industries and may not reflect the conservative nature of
utility designs.  This factor, and difficult retrofit installations, may increase baghouse costs by 50 percent
or more.  (No credit is taken for SO  or other pollutants such as dioxin that might be captured by the2


carbon nor were costs added for additional ductwork.)  Cost factors in the EPA's OAQPS Control Cost
Manual are also used to estimate installation costs and indirect costs.  Contingency costs are included in
the 
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Table B-9
Cost Estimates for Applying a Carbon Injection System on


975- and 100-MW Coal-Fired Utility Boilers


Parameter Model 1a Model 3a


Unit Size (MW) 975 100
Flue Gas Flow (dscm/hr) 4,050,000 411,000
Air Pollution Control Device ESP ESP
Hg Level Before Injector (µg/dscm, 68 F) 10 10o


Hg Level After Injector (µg/dscm, 68 F) 1 1o


Capacity Factor (%) 65 65


a b


CAPITAL COST ($)
Purchased Equipment (PE) 869,830 115,226
Installation 130,474 17,284
Indirect 260,949 34,568
Total Capital Cost (TCC) 1,260,000 167,100


OPERATING AND MAINTENANCE (O&M) ($/yr)
Operating Labor 103,680 38,880c


Supervision Labor 15,552 5,832d


Maintenance Labor 57,024 19,008e


Maintenance Materials 57,024 19,008f


Carbon 9,556,509 488,980g


Power 13,675 700h


Disposal 316,068 16,173
Overhead 139,968 49,637k


Taxes, Insurance, Administration 50,450 6,683l


i j


Capital Recovery 119,050 15,770m


Total ($/yr) 10,110,000 660,000n


mills/kWh 1.82 1.16


Mercury Reduction (kg/yr) 208 21
Mercury Reduction (lb/yr) 457 46


$/kg Mercury 48,700 31,000
$/lb Mercury 22,100 14,200


ESP outlet temperature of 150 C, moisture content of 5 percent.a o


ESP outlet temperature of 137 C, moisture content of 11 percent.b o


$12/hr. c


15 percent of operating labor costs.d


$13.20/hr. e


Same as maintenance labor. f


Based on $1.10/kg of carbon, plus 10 percent for shipping.g


Based on 46 mills/kWh. h


Based on a nonhazardous waste disposal rate of $33/Mg. i


Based on a nonhazardous waste disposal rate of $36.36/Mg.j


60 percent of labor and maintenance costs. k


4 percent of TCC. l


Using a capital recovery factor of 0.09439 (7 percent interest for 20 years).m


Total costs equal capital recovery costs plus O&M costs.n
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Table B-10
Cost Estimates for Applying a Carbon Injection System in
Conjunction with a Spray Cooler and a Fabric Filter on a


 975-MW Coal-Fired Utility Boiler (Model 1b)


Parameter Model Plant


Unit Size (MW)         975
Flue Gas Flow (dscm/hr) 4,050,000
Air Pollution Control Device         ESP
Hg Level Before Injector (µg/dscm, 68 F)          10o


Hg Level After Filter (µg/dscm, 68 F)o


Capacity Factor (%)           1


a


         65


CAPITAL COST ($) Cooling Injection Fabric Filter Total


Purchased Equipment (PE) 2,993,796 109,448 12,978,750 16,081,994
Installation 1,017,891 16,417 9,344,700 10,379,008
Indirect 1,347,208 32,835 5,840,438 7,220,480
Total Capital Cost (TCC) 5,358,894 158,700 28,163,888 33,700,000


OPERATING AND MAINTENANCE
(O&M) ($/yr)


Operating Labor 25,920 25,920 155,520 207,360b


Supervision Labor 3,888 3,888 23,328 31,104c


Operating Materials 219,572 --- 302,102 521,674
Maintenance Labor 19,008 14,256 85,536 118,800d


Maintenance Materials 19,008 14,256 85,536 118,800e


Carbon --- 129,628 --- 129,628f


Power 958,363 185 1,088,412 2,046,960g


Disposal --- --- 28,573 28,573h


Overhead 40,694 34,992 209,952 285,638i


Taxes, Insurance, Administration 214,356 6,348 1,126,556 1,347,259j


Capital Recovery 505,826 14,980 2,561,802 3,082,607k


Total ($/yr) 2,006,635 244,453 5,667,316 7,940,000l m


mills/kWh 0.36 0.04 1.02 1.43


Mercury Reduction (kg/yr) --- --- --- 208
Mercury Reduction (lb/yr) --- --- --- 457


$/kg Mercury 9,668 1,178 27,412 38,300
$/lb Mercury 4,393 535 12,454 17,400


ESP outlet temperature of 150 C, moisture content of 5 percent.a o


$12/hr. b


15 percent of operating labor costs.c


$13.20/hr. d


Same as maintenance labor. e


Based on $1.10/kg of carbon, plus 10 percent for shipping.f


Based on 46 mills/kWh. g


Based on a hazardous waste disposal rate of $220/Mg.h


60 percent of labor and maintenance costs. i


4 percent of TCC. j


Using a capital recovery factor of 0.09439 (7 percent interest for 20 years).k


Total costs equal capital recovery costs plus O&M costs.l


 See text for factors that may increase fabric filter costs.m
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Table B-11
Cost Estimates for Applying a Carbon Injection System in
Conjunction with a Spray Cooler and a Fabric Filter on a


 100-MW Coal-Fired Utility Boiler (Model 3b)


Parameter Model Plant


Unit Size (MW)      100
Flue Gas Flow (dscm/hr) 411,000
Air Pollution Control Device       ESP
Hg Level Before Injector (µg/dscm, 68 F)       10o


Hg Level After Filter (µg/dscm, 68 F)o


Capacity Factor (%)        1


a


      65


CAPITAL COST ($) Cooling Injection Fabric Filter Total


Purchased Equipment (PE) 258,627 109,448 1,813,479 2,181,554
Installation 87,933 16,417 1,305,705 1,410,055
Indirect 116,382 32,835 816,066 965,282
Total Capital Cost (TCC) 462,941 158,700 3,935,249 4,560,000


OPERATING AND MAINTENANCE
(O&M) ($/yr)


Operating Labor 17,280 25,920 51,840 95,040b


Supervision Labor 2,592 3,888 7,776 14,256c


Operating Materials 18,968 --- 60,816 79,785
Maintenance Labor 9,504 14,256 42,768 66,528d


Maintenance Materials 9,504 14,256 42,768 66,528e


Carbon --- 13,152 --- 13,152f


Power 82,791 188 116,956 199,935g


Disposal --- --- 2,902 2,902h


Overhead 23,328 34,992 87,091 145,411i


Taxes, Insurance, Administration 18,518 6,348 157,410 182,276j


Capital Recovery 43,697 14,980 361,069 419,746k


Total ($/yr) 226,182 127,980 931,396 1,290,000l m


mills/kWh 0.40 0.22 1.64 2.26


Mercury Reduction (kg/yr) -- -- -- 21
Mercury Reduction (lb/yr) -- -- -- 46


$/kg Mercury 10,739 6,076 44,305 61,000
$/lb Mercury 4,879 2,761 20,129 27,700


ESP outlet temperature of 137 C, moisture content of 11 percent.a o


$12/hr. b


15 percent of operating labor costs.c


$13.20/hr. d


Same as maintenance labor. e


Based on $1.10/kg of carbon, plus 10 percent for shipping.f


Based on 46 mills/kWh. g


Based on a hazardous waste disposal rate of $220/Mg.h


60 percent of labor and maintenance costs. i


4 percent of TCC. j


Using a capital recovery factor of 0.09439 (7 percent interest for 20 years).k


Total costs equal capital recovery costs plus O&M costs.l


 See text for factors that may increase fabric filter costs.m
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Table B-12
Cost Estimates for Applying a Carbon Injection System in


Conjunction with a Spray Cooler on a
975-MW Coal-Fired Utility Boiler (Model 1c)


Parameter Model Plant


Unit Size (MW)         975
Flue Gas Flow (dscm/hr) 4,050,000
Air Pollution Control Device         ESP
Hg Level Before Injector (µg/dscm, 68 F)          10o


Hg Level After Injection (µg/dscm, 68 F)           1o


Capacity Factor (%)          65


a


CAPITAL COST ($) Cooling Injection Total


Purchased Equipment (PE) 2,993,796 109,448 3,103,244
Installation 1,017,891 16,417 1,034,308
Indirect 1,347,208 32,835 1,380,043
Total Capital Cost (TCC) 5,358,894 158,700 5,520,000


OPERATING AND MAINTENANCE (O&M) ($/yr)


Operating Labor 25,920 25,920 51,840b


Supervision Labor 3,888 3,888 7,776c


Operating Materials 219,572 --- 219,572
Maintenance Labor 19,008 14,256 33,264d


Maintenance Materials 19,008 14,256 33,264e


Carbon --- 129,488 129,488f


Power 958,363 185 958,548g


Disposal --- 4,288 4,288h


Overhead 40,694 34,992 75,686i


Taxes, Insurance, Administration 214,356 6,348 220,704j


Capital Recovery 505,826 14,980 520,806k


Total ($/yr) 2,006,635 248,601 2,260,000l


mills/kWh 0.36 0.04 0.40


Mercury Reduction (kg/yr) --- --- 208
Mercury Reduction (lb/yr) --- --- 457


$/kg Mercury 9,668 1,198 10,900
$/lb Mercury 4,393 544 4,940


ESP outlet temperature of 150 C, moisture content of 5 percent.a o


$12/hr. b


15 percent of operating labor.c


$13.20/hr. d


Same as maintenance labor. e


Based on $1.10/kg of carbon, plus 10 percent for shipping.f


Based on 46 mills/kWh.g


Based on a hazardous waste disposal rate of $33/Mg.h


60 percent of labor and maintenance costs. I


4 percent of TCC. j


Using a capital recovery factor of 0.09439 (7 percent interest for 20 years).k


Total costs equal capital recovery costs plus O&M costs.l
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indirect costs.  Labor usage for activated carbon injection systems is proportionally higher for models
without spray cooling than for models with cooling because of significantly larger amounts of carbon
that must be handled.  Maintenance labor is calculated using a labor charge rate of $13.20/hr, and
maintenance materials are assumed to be equal to maintenance labor costs.  The CRF is based on a
7 percent interest rate annualized over 20 years (CRF = 0.09439).  The activated carbon injection system
is assumed to reduce the mercury in the flue gas to less than 1 µg/dscm (0.44 gr/million dscf) equal to
90 percent control for coal-fired boilers and 50 percent control for oil-fired boilers.


Table B-9 presents the costs for applying activated carbon injection to the 975- and 100-MW
ESP-equipped boilers firing low-sulfur coal (models 1a and 3a).  The carbon injection system is installed
in existing ductwork ahead of the ESP.  This arrangement requires high carbon usage (1,385 kg/hr
[3,050 lb/hr] for the 975-MW boiler and 70.9 kg/hr [156 lb/hr] for the 100-MW boiler) because of the
elevated gas temperature at the injection location.  A size increase from 100 to 975 MW increases the
total capital cost for the control arrangement by a factor of 7.5 and increases the annualized cost by a
factor of 15.3; the cost effectiveness value decreases by 57 percent and the annualized mills/kWh cost
impact also decreases by 57 percent.  The total capital cost for the activated carbon injection system is
$1,260,000 for the 975-MW boiler and $167,100 for the 100-MW boiler.  The total annualized cost is
$10,110,000/yr for the 975-MW boiler and $660,000/yr for the 100-MW boiler.


Tables B-10 and B-11 present the costs for the 975- and 100-MW ESP-equipped low-sulfur coal-
fired boilers using activated carbon injection in conjunction with spray cooling and additional PM
control using a reverse-air FF (models 1b and 3b).  This arrangement requires accurate temperature
control to prevent problems with excess acidic moisture condensation on ductwork and ash
agglomeration, which leads to higher maintenance and operating costs.  This combination is also
expected to enhance the control of mercury.  The spray cooling, which is upstream of the carbon
injection and after the existing ESP, serves to reduce the temperature of the flue gas where the carbon is
injected to 93�C (200�F).  The FF is located after the injection system and before the stack.  The FF is
required for capture of the injected carbon.  As a result of the cooling, the carbon injection rate is
reduced to approximately 1 to 3 percent of the rates assumed in Table B-9.  The activated carbon
injection rate is 1.9 kg/hr (4.2 lb/hr) for the 100-MW coal-fired boiler (model 3b) and 18.8 kg/hr (41
lb/hr) for the 975-MW coal-fired boiler (model 1b).  Greater than 80 percent of the total capital cost for
this control arrangement is contributed by the FF and less than 4 percent is contributed by the activated
carbon injection system.  A size increase from 100- to 975-MW increases the total capital cost for the
control arrangement by a factor of 7.4 and increases the annualized cost by a factor of 6.2; the cost
effectiveness value decreases by 37 percent and the annualized mills/per kilowatt-hour cost impact also
decreases by 37 percent.
  


Table B-10 shows that the total capital cost for a 975-MW boiler controlled with a spray cooler,
activated carbon injection system and FF is $33,700,000, the annualized cost is $7,940,000/yr and the
cost effectiveness is $38,300/kg ($17,400/lb) of mercury.  Table B-11 shows that the total capital cost for
a 100-MW boiler controlled with a spray cooler, activated carbon injection system and FF is $4,560,000,
the annualized cost is $1,290,000/yr and the cost effectiveness is $61,000/kg ($27,700/lb) of mercury.


 Table B-12 presents the cost for the 975-MW ESP-equipped coal-fired boiler using activated
carbon injection in combination with spray cooling (model 1c).  The activated carbon injection rate is
18.8 kg/hr (41 lb/hr).  The temperature after the spray cooler, where the carbon is injected, is 93�C
(200�F).  The total capital cost for this control arrangement is $5,520,000, with 97 percent of the cost
contributed by the spray cooler and 3 percent contributed by the activated carbon injection system.  The
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annualized cost is $2,260,000, with 89 percent of the cost contributed by the spray cooler and 12 percent
contributed by the activated carbon injection system.


Injection systems installed on units without cooling the flue gas stream have much lower capital
investment costs than the more complex systems, but have increased annualized costs because of high
activated carbon usage.  The units that reduce temperature after the particulate control device to reduce
carbon usage must spend more money for capital equipment, primarily for added PM control to capture
the mercury-laden carbon.  Their annualized costs are also increased because of operating costs for the
cooling and PM collection systems.


Table B-13 presents the results of a sensitivity analysis for mercury species in the flue gas
(elemental mercury vs mercuric chloride).  As shown in the table, cost effectiveness as measured by
additional cost of producing electricity (mills/kWh) does not change significantly as the HgCl  fraction2


of total mercury decreases.  This lack of change occurs for two reasons:  less carbon is used for lower
amounts of HgCl  and equipment costs are relatively insensitive to small changes in particle2


concentration in the flue gas.  However, cost effectiveness as measured by quantity removed from the
flue gas stream ($/lb of mercury), increases by a factor of about 3.3 in changing from 100 percent HgCl2


to 30 percent HgCl .  This increase occurs because the costs of flue gas treatment decrease only slightly2


while the quantity of collectible mercury decreases by 70 percent.  This analysis applies to all the models
in Tables B-9 through B-12.  However, as described below, the cost effectiveness values may be
understated when the models are revised to include different conditions and additional equipment.


Table B-13
Sensitivity Analysis for Carbon Injection on Coal-Fired Utility
Boilers with Different Ratios of Elemental to Oxidized Mercury


Oxidized Mercury in Flue Gas Cost Effectiveness $/lb Hg Cost Effectiveness mills/kWh
Removed


100% of Hg as HgCl 4,970-27,700 0.41-2.262


 80% of Hg as HgCl 6,190-34,600 0.41-2.262


 50% of Hg as HgCl 9,840-55,400 0.40-2.252


 30% of Hg as HgCl 16,300-92,000 0.40-2.252


Several items have been named that would increase overall system costs for the five model
plants.  Included were utility company tendencies toward conservative design, high retrofit costs,
additional ductwork requirements, and increased carbon requirements due to incomplete conversion of
mercury to its oxidized form.  Other items are insufficient carbon quantities to obtain adequate mixing in
the gas stream or to provide proper coverage of FF cloth surface, effects on sales of waste ash, adverse
coal and ash characteristics, and insufficient allowance for auxiliary equipment.  Choice of carbon
injection rate and its impact on baghouse type are of particular interest and are described below.


Carbon injection rates used for the models are based on Calgon PCB 6x6 and the equations for
its use.  However, much experimental work has been done for the DOE and EPRI with a lignite-based
carbon (American Norit Company’s Darco FGD).  This carbon appears to have a mercury adsorption
capacity about 25 percent that of the Calgon carbon at 200 �F, indicating that more of the lignite-based
carbon would be required for cases where sufficient time is available for equilibrium removal.  Some of
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the experimental work indicates that mercury removal is mass transfer limited, i.e. insufficient time
exists for the mercury and injected carbon to mix and come in intimate contact with each other for
equilibrium adsorption to take place in the ductwork ahead of the particle removal device (an FF for
these models).  For this case, the adsorption capacity is not a critical parameter.  Under these conditions,
higher carbon injection rates are required to achieve high mercury removal rates.


If insufficient mixing time is available for complete adsorption in the flue-gas duct, remaining
adsorption must take place on and in the filter cake that builds on the baghouse fabric.  Where low
carbon injection rates are used, insufficient mixing time coupled with the large cloth area in a reverse-air
baghouse indicate that higher carbon injection rates are required than are specified for the costing
models.  This condition also suggests that a pulse-jet baghouse, with its smaller cloth area for the same
quantity of flue gas, may be more effective than a reverse-air baghouse, but may still require higher
carbon injection rates than used for the costing models.  The reduced cloth area becomes covered with
carbon more quickly than would occur in the reverse-air baghouse.  While the DOE and EPRI work has
been done largely on pulse-jet systems, no data have been presented to show the capabilities of a reverse-
air baghouse.


Where coal characteristics provide flue gas and ash that interfere with the adsorption process and
cause poor adsorption, higher carbon injection rates are required.  The effects of these characteristics
may include high SO  or HCl levels for which low injection temperatures are not appropriate, high2


elemental mercury levels that require high carbon rates, and ash that has no mercury adsorption
capability.  For cases in which ash has high mercury adsorption capability, low injection rates may be
appropriate.


To account for the factors described above, costs (prepared by DOE) are shown in Table B-14
for comparison with costs taken from Tables B-9 through B-12.  The DOE costs include increased
carbon injection rates and additional system equipment. 


Table B-14
Sensitivity Analysis for Model Boiler Characteristics  a


Characteristic Model 1a Model 1b Model 1c Model 3a Model 3b


Carbon usage   34,200    460    460  17,200     460
(g carbon/g Hg) 100,000 9,400 30,000 100,000 12,600


Capital Cost (10  $) 1.26 33.7 5.52 0.167 4.566


6.14 41.6 7.76 0.708 5.63


Annual Cost (10  $/yr) 10.1   7.94    2.26 0.66 1.296


31.0 11.6 12.1 3.25 1.79


Cost Effectiveness 1.82 1.43 0.40 1.16 2.09
(mils/kWh) 5.58 2.10 2.19 5.71 3.15


Cost Effectiveness ($/lb 22,100 17,400   4,940 14,200 27,700
Hg) 67,700 25,400 26,500 70,000 38,600


 Boilers costed using Calgon equations are given first.a


The sensitivity analysis in Table B-14 shows that cost effectiveness values increase by factors of
about 1.4 to 5.5, depending on the model, for mercury removal systems with higher injection rates and
higher equipment costs than used for Tables B-9 through B-12.  The largest increases are for models not
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using the combination of cooling, carbon injection, and FF.  Annual costs increase by factors of about 1.2
to 3.2, with the larger increases for models that use only carbon injection.  It is likely that actual costs
would lie between the two extremes, with the higher end being favored.


B.3.3 Carbon Filter Beds


Table B-15 presents the costs for applying the carbon filter bed to the two 975-MW boilers
(models 1d and 2).  As noted in Section 2.2.1.1, the size of the carbon filter bed is dependent on the flue
gas flow rate.  The flow rate (on a wet basis) for the FGD-equipped model plant (model plant 2) is
slightly higher because of the higher moisture content of the flue gas from the FGD system.  Therefore, a
slightly larger carbon filter bed was assumed.  The carbon filter bed is assumed to reduce the mercury in
the flue gas to less than 1 µg/dscm (0.44 gr/million dscf) (Hartenstein, 1993a).


The total capital costs for the boilers are approximately $40,000,000 for the ESP-equipped boiler
and $44,000,000 for the ESP/FGD-equipped boiler.  The total annualized costs for the two plants are
essentially equal, at about 3 mills/kWh.  The cost per kilogram of mercury removed, however, is
different.  For the ESP-equipped boiler, the cost is approximately $72,146/kg ($32,679/lb) of mercury
removed.  For the ESP/FGD- equipped boiler, the cost is higher, at $187,615/kg ($37,769/lb) of mercury
removed because of the lower mercury level.  (Note that the cost estimates were derived from retrofit
costs, which can easily be 50 percent higher than new installation costs.)


B.4 Chlor-Alkali Plants


B.4.1 Model Plant Description


One chlor-alkali model plant, which produces 273 Mg (300 tons) of chlorine per day, was used
for the cost analysis.  This model plant represents the mid-range size of chlor-alkali plants in operation
(U.S. EPA, 1984).  The model plant has individual flow rates from the hydrogen and end-box streams of
4,080 dscm/hr (144,000 dscf/hr) each at 21 percent O  (combined to equal 8,160 dscm/hr2
[288,000 dscf/hr]) (U.S. EPA, 1973).


Baseline control systems for both streams consist of a heat exchanger to cool the effluent gas,
followed by a knockout drum to separate the condensed mercury from the hydrogen and end-box
streams.  A mercury level of 1,000 g/day (2.2 lb/day) after this baseline control is assumed for the
purpose of the cost analysis.  This is consistent with federally mandated mercury standards for the
hydrogen and end-box streams at all chlor-alkali plants (U.S. EPA, 1984).  The mercury control options
considered were conversion to the membrane cell process and control of the hydrogen and end-box
streams through the use of brine scrubbing and treated activated carbon adsorption.  No additional
controls were examined for the cell room, since housekeeping practices are in use at all of the plants
(U.S. EPA, 1984).  The different control options are discussed in the following sections.


B.4.2 Conversion to the Membrane Cell Process


Cost data on converting to the membrane cell process are limited.  Estimates to convert a
mercury cell plant to a membrane cell operation vary between $110,000 and $220,000/Mg ($100,000 and
$200,000/ton) of chlorine produced per day (Curlin, 1992).  Representatives of the European chlor-alkali
industry cite higher costs on the order of $285,000/Mg ($260,000/ton) chlorine produced per day (Euro-
Chlor, 1993).  Using the mid-point of the first cost range, the capital cost of conversion for the
270-Mg/day (300-tpd) model plant would be on the order of $45 million.  This is an annualized cost of
approximately $5 million/yr.  For the conversion, the cost of cells and the membranes accounts for 
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Table B-15
Cost Estimates for a Carbon Filter Bed on Utility Boilersa


Parameter Model 1d Model 2


Unit Size (MW) 975 975
Number of Units 1 1
Plant Size (MW) 975 975
Air Pollution Control Device ESP ESP + FGD
Flue Gas Flow (Nm /hr @ 11% O  wet) 5,560,000 5,810,0003


2


Flue Gas Flow (dscm/hr @ 7% O  wet) 4,050,000 4,050,0002


Hg Level Before Filter (µg/dscm @ 7% O ) 10 52


Hg Level After Filter (µg/dscm @ 7% O ) 1 12


Capacity Factor (%) 65 65


b c


CAPITAL COST ($)
Purchased Equipment (PE) 28,573,974 31,540,388d


Installation 0 0e


Indirect 8,000,713 8,831,309f


Contingency 2,857,397 3,154,039g


Total Capital Cost (TCC) 39,432,084 43,525,735


OPERATING AND MAINTENANCE (O&M) ($/yr)
Operating Labor 210,400 210,400h


Supervision Labor 31,520 31,520i


Maintenance Labor 28,920 28,920j


Maintenance Materials 394,321 435,257k


Carbon 5,245,319 6,543,801l


Power 1,670,000 1,670,000m


Disposal 1,047,804 1,396,879n


Overhead 399,097 423,658o


Taxes, Insurance, Administration 1,577,283 1,741,029p


Capital Recovery 4,329,643 4,779,126q


Total ($/yr) 14,934,306 17,260,591r


mills/kWh 2.7 3.1


Mercury Reduction (kg/yr) 207 92
Mercury Reduction (lb/yr) 457 457


$/kg Mercury 72,146 187,615
$/lb Mercury 32,679 37,769


Cost numbers may not add exactly due to round-off.a


ESP outlet temperature of 150�C, moisture content of 5 percent.b


FGD outlet temperature of 65�C, moisture content of 9 percent.c


Based on order of magnitude estimates for carbon usage.d


Included in PE costs.e


28 percent of PE costs.f


10 percent of PE costs.g


16 hr/shift @ $12/hr.h


15 percent of operating labor costs.i


2 hr/shift @ 10 percent wage rate premium over labor wage.j


1 percent of TCC.k


Based on $1.10/kg of carbon and 545 mg carbon/dscm.l


 Using a 305-mm (water) pressure drop and 46 mills/kWh.m


Based on a hazardous waste disposal rate of $220/Mg.n


60 percent of labor and maintenance costs.o


4 percent of TCC.p


Using a capital recovery factor of 0.1098 (7 percent interest for 15 years).q


Total costs equal capital recovery costs plus O&M costs.r
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60 percent of the total investment (Curlin, 1992).  Other costs include additional brine treatment systems
(i.e., the mercury removal system and ion-exchanger), the caustic recycle and evaporization system and
piping modifications to the cell room (Horvath, 1986).


The operating cost differential between mercury and membrane cell plants is due to power
requirements.  The energy consumption is estimated to be 3,500 to 4,000 kWh/Mg (3,200 to
3,600 kWh/ton) of chlorine for the mercury cell and 3,100 to 3,400 kWh/Mg (2,800 to 3,100 kWh/ton) of
chlorine for the membrane cell (Curlin, 1992).


Information on other operating costs was not available.  Therefore, annualized costs and cost
effectiveness were calculated using only capital and electrical costs.  If an estimated electricity savings
of 400 kWh/Mg (440 kWh/ton) of chlorine and an energy cost of 46 mills/kWh are assumed, the energy
savings is approximately $1,630,000.  This is subtracted from the annualized capital cost, leaving a net
cost of $3,310,000, which is roughly equivalent to $43.5/Mg ($39.6/ton) of chlorine produced.  The cost
effectiveness, assuming 1,000 g/day of mercury removed through conversion, is approximately
$10,100/kg ($4,590/lb) of mercury removed.  For plants with mercury controls already in place (e.g.,
effective cooling, carbon beds and scrubbing), the cost per kilogram of mercury removed would be much
higher.  Additionally, local energy costs are a determining factor when considering conversion from the
mercury cell to the membrane cell process.


B.4.3 Hydrogen and End-Box Stream Controls


As noted, the two control options evaluated for these streams are depleted brine scrubbing and
treated activated carbon.  Costs for secondary cooling and mist elimination are included in the cost
estimate, since these elements are necessary when employing both of the control options.


The capital and annual operating costs for the two control options are based on 1972 equipment
cost estimates (U.S. EPA, 1973).  The capital cost estimates were scaled to 1993 values using chemical
engineering plant cost indices (Chemical Engineering, 1972; Chemical Engineering, 1993).  As a result
of scaling the costs over such a long time period, there is a high level of uncertainty associated with these
costs.  


Tables B-16 and B-17 present the capital and annualized costs for the depleted brine scrubbing
system and the treated activated carbon adsorption system, respectively.  The capital cost for the control
equipment includes PE costs, installation, indirect costs and contingency (U.S. EPA, 1973).  Installation
costs equal PE costs, and indirect costs are 90 percent of PE costs.  Contingency costs equal 30 percent
of PE costs (U.S. EPA, 1973).  Based on these additional capital requirements, the estimated total capital
cost ranges from 320 to 380 percent of the equipment cost (U.S. EPA, 1973).  Operating and
maintenance costs are assumed to be 30 percent of the total capital cost (U.S. EPA, 1973).  For the
depleted brine scrubbing system, the total capital cost for the secondary cooling, mist elimination and
scrubbing is approximately $1,620,000 for the combined hydrogen and end-box streams.  The total
annualized cost, including O&M, is $662,000.  This equals into $7.4/Mg ($6.7/ton) of chlorine produced. 
Assuming a reduction in mercury to 90 µg/dscm (at 21 percent O ) (U.S. EPA, 1973), the cost2
effectiveness is $2,280/kg ($1,040/lb) of mercury removed.
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Table B-16
Cost Estimates for a Depleted Brine Scrubbing


on a Mercury Cell Chlor-Alkali Plant a,b


Parameter Model Plant


Unit Size (Mg/day)    273
Flue Gas Flue Hydrogen Stream (dscm/hr @ 21% O ) 4,0802


Flue Gas Flue End-Box Stream (dscm/hr @ 21% O ) 4,0802


Total Flue Gas Flow (dscm/hr @ 21% O ) 8,1602


Combined Hg Level Before Scrubbing (µg/dscm @ 21% O ) 4,6002


Combined Hg Level After  Scrubbing (µg/dscm @ 21% O )2
c


Capacity Factor (%)     90


    90


CAPITAL COST ($) Hydrogen Stream End-Box Stream Combined Streamd


Secondary Cooler 117,000 106,000 ---
Chiller 165,000 165,000 ---
Mist Eliminator 133,000 120,000 ---
Depleted Brine Scrubber with Alkaline Scrubber 425,000 386,000 ---
Total Capital Costs (TCC) 839,000 777,000 1,620,000


COMBINED ANNUAL OPERATING COSTS ($/yr)


Operating Costs --- --- 485,000e


Capital Recovery --- --- 177,000f


Total ($/yr) --- --- 662,000g


$/Mg Chlorine --- --- 7.4
$/ton Chlorine --- --- 6.7


Mercury Reduction (kg/yr) --- --- 296
Mercury Reduction (lb/yr) --- --- 639


$/kg Mercury --- --- 2,280
$/lb Mercury --- --- 1,040


Costs were scaled from 1972 dollars to 1993 dollars using chemical engineering plant cost indices.a


Cost numbers may not add exactly due to round-off.b


Includes a 90 percent reduction by the cooling and mist elimination system.c


The fixed capital requirement for the control equipment includes purchase price (freight-on-board), installation and indirectd


and contingency costs.
30 percent of TCC.e


Using a capital recovery factor of 0.1098 (7 percent interest rate for 15 years).f


Total costs equal capital recovery costs plus operating cost.g
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Table B-17
Cost Estimates for Treated Activated Carbon Adsorption


on a Mercury Cell Chlor-Alkali Plant a,b


Parameter Model Plant


Unit Size (Mg/day)    273
Flue Gas Flue Hydrogen Stream (dscm/hr @ 21% O ) 4,0802


Flue Gas Flue End-Box Stream (dscm/hr @ 21% O ) 4,0802


Total Flue Gas Flow (dscm/hr @ 21% O ) 8,1602


Combined Hg Level Before Carbon (µg/dscm @ 21% O ) 4,6002


Combined Hg Level After Carbon (µg/dscm @ 21% O )     102
c


Capacity Factor (%)     90


CAPITAL COST ($) Hydrogen Stream End-Box Stream Combined Streamd


Secondary Cooler 117,000 106,000 ---
Chiller 165,000 165,000 ---
Mist Eliminator 133,000 120,000 ---
Carbon Adsorption Bed 217,000 197,000 ---
Total Capital Costs (TCC) 631,000 588,000 1,222,000


COMBINED ANNUAL OPERATING COSTS ($/yr)


Operating Costs --- --- 366,000e


Capital Recovery --- --- 134,000f


Total ($/yr) --- --- 500,000g


$/Mg Chlorine --- --- 5.6
$/ton Chlorine --- --- 5.1


Mercury Reduction (kg/yr) --- --- 296
Mercury Reduction (lb/yr) --- --- 650


$/kg Mercury --- --- 1,690
$/lb Mercury --- --- 769


Costs were scaled from 1972 dollars to 1993 dollars using chemical engineering plant cost indices.a


Cost numbers may not add exactly due to round-off.b


Includes a 90 percent reduction by the cooling and mist elimination system.c


The fixed capital requirement for the control equipment includes purchase price (freight-on-board), installation and indirectd


and contingency costs.
30 percent of TCC.e


Using a capital recovery factor of 0.1098 (7 percent interest rate for 15 years).f


Total costs equal capital recovery cost plus operating cost.g
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For the carbon adsorption system on both streams, including secondary cooling and mist
elimination, the total capital cost is $1,222,000.  The annualized cost including O&M is $500,000, which
equals $5.6/Mg ($5.1/ton) of chlorine produced.  Assuming an outlet mercury concentration of 10
µg/dscm (at 21 percent O ), the cost effectiveness is $1,690/kg ($769/lb) of mercury removed.2


More information is needed on the current level of controls on mercury cell plants and their
respective emission levels to more accurately estimate the costs for these two technologies.
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OVERVIEW 


This Mercury Study is a Report to Congress prepared by the U.S. Environmental Protection
Agency.  It fulfills the requirements of section 112(n)(1)(B) of the Clear Air Act, as amended in 1990. 
The Report provides an assessment of the magnitude of U.S. mercury emissions by source, the health and
environmental implications of those emissions, and the availability and cost of control technologies.  As
the state-of-the-science for mercury is continuously and rapidly evolving, this Report should be viewed
as a “snapshot” of our current understanding of mercury.  This Report does not quantify the risk from
mercury exposure because of scientific uncertainty in a number of important areas.  The Report identifies
areas where further research is needed to provide a quantitative risk assessment.


Mercury cycles in the environment as a result of natural and human (anthropogenic) activities. 
The amount of mercury mobilized and released into the biosphere has increased since the beginning of
the industrial age.  Most of the mercury in the atmosphere is elemental mercury vapor, which circulates
in the atmosphere for up to a year, and hence can be widely dispersed and transported thousands of miles
from likely sources of emission.  Most of the mercury in water, soil, sediments, or plants and animals is
in the form of inorganic mercury salts and organic forms of mercury (e.g., methylmercury).  The
inorganic form of mercury, when either bound to airborne particles or in a gaseous form, is readily
removed from the atmosphere by precipitation and is also dry deposited.  Wet deposition is the primary
mechanism for transporting mercury from the atmosphere to surface waters and land.  Even after it
deposits, mercury commonly is emitted back to the atmosphere either as a gas or associated with
particles, to be re-deposited elsewhere.  As it cycles between the atmosphere, land, and water, mercury
undergoes a series of complex chemical and physical transformations, many of which are not completely
understood.


Mercury accumulates most efficiently in the aquatic food web.  Predatory organisms at the top of
the food web generally have higher mercury concentrations.  Nearly all of the mercury that accumulates
in fish tissue is methylmercury.  Inorganic mercury, which is less efficiently absorbed and more readily
eliminated from the body than methylmercury, does not tend to bioaccumulate.  


Mercury Emissions and Deposition in the U.S. 


The best point estimate of annual anthropogenic U.S. emissions of mercury in l994-1995 is 158
tons.  Roughly 87 percent of these emissions are from combustion sources, including waste and fossil
fuel combustion.  Contemporary anthropogenic emissions are only one part of the mercury cycle. 
Releases from human activities today are adding to the mercury reservoirs that already exist in land,
water, and air, both naturally and as a result of previous human activities. The flux of mercury from the
atmosphere to land or water at any one location is comprised of contributions from the natural global
cycle including re-emissions from the oceans, regional sources, and local sources.  Local sources could
also include direct water discharges in addition to air emissions.  Past uses of mercury, such as fungicide
application to crops are also a component of the present mercury burden in the environment.  One
estimate of the total annual global input to the atmosphere from all sources including natural,
anthropogenic, and oceanic emissions is 5,500 tons.  Based on this, U.S. sources are estimated to have
contributed about 3 percent of the 5,500 tons in 1995.    


A computer simulation of long-range transport of mercury suggests that about one-third (~ 52
tons) of U.S. anthropogenic emissions are deposited, through wet and dry deposition, within the lower 48
States.  The remaining two-thirds (~ 107 tons) is transported outside of U.S. borders where it diffuses
into the global reservoir.  In addition, the computer simulation suggests that another 35 tons of mercury
from the global reservoir is deposited for a total deposition of roughly 87 tons.  Although this type of
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modeling is uncertain, the simulation suggests that about three times as much mercury is being added to
the global reservoir from U.S. sources as is being deposited from it.  What is not uncertain is that
additional emissions to air will contribute to levels in the global reservoir, and concomitant deposition to
water bodies.


The highest deposition rates from anthropogenic and global contributions for mercury are
predicted to occur in the southern Great Lakes and Ohio River valley, the Northeast and scattered areas
in the South, with the most elevated deposition in the Miami and Tampa areas.  The location of sources,
the chemical species of mercury emitted and the climate and meterology are key factors in mercury
deposition.  Humid locations have higher deposition than arid locations. 


Public Health Impacts


Epidemics of mercury poisoning following high-dose exposures to methylmercury in Japan and
Iraq demonstrated that neurotoxicity is the health effect of greatest concern when methylmercury
exposure occurs to the developing fetus.  Dietary methylmercury is almost completely absorbed into the
blood and distributed to all tissues including the brain; it also readily passes through the placenta to the
fetus and fetal brain.  The reference dose (RfD) is an amount of methylmercury, which when ingested
daily over a lifetime is anticipated to be without adverse health effects to humans, including sensitive
subpopulations. At the RfD or below, exposures are expected to be safe.  The risk following exposures
above the RfD is uncertain, but risk increases as exposures to methylmercury increase.  


Extrapolating from the high-dose exposures that occurred in the Iraq incident, the U.S. EPA
derived a RfD for methylmercury of 0.1 µg/kg bw/day.  While the U.S. EPA has been advised by
scientific reviewers to employ this RfD for this analysis, new data are emerging.  Currently ongoing are
two large epidemiology studies in the Seychelle Islands and in the Faroe Islands that were designed to
evaluate childhood development and neurotoxicity in relation to fetal exposures to methylmercury in
fish-consuming populations.  Because of various limitations and uncertainties in all of the available data,
the U.S. EPA and other Federal agencies intend to participate in an interagency review of the human data
on methylmercury, including the most recent studies from the Seychelle Islands and the Faroe Islands. 
The purposes of this review are to refine the estimates of the level of exposure to mercury associated
with subtle neurological endpoints and to further consensus between all of the Federal agencies.  After
this process, the U.S. EPA will determine if a change in the RfD for methylmercury is warranted. 


Fish consumption dominates the pathway for human and wildlife exposure to methylmercury. 
This study supports a plausible link between anthropogenic releases of mercury from industrial and
combustion sources in the United States and methylmercury in fish.  However, these fish methylmercury
concentrations also result from existing background concentrations of mercury (which may consist of
mercury from natural sources, as well as mercury which has been re-emitted from the oceans or soils)
and deposition from the global reservoir (which includes mercury emitted by other countries).  Given the
current scientific understanding of the environmental fate and transport of this element, it is not possible
to quantify how much of the methylmercury in fish consumed by the U.S. population is contributed by
U.S. emissions relative to other sources of mercury (such as natural sources and re-emissions from the
global pool).  As a result, it cannot be assumed that a change in total mercury emissions will be linearly
related to any resulting change in methylmercury in fish, nor over what time period these changes would
occur.  This is an area of ongoing study.


Critical elements in estimating methylmercury exposure and risk from fish consumption include
the species of fish consumed, the concentrations of  methylmercury in the fish, the quantity of fish
consumed, and how frequently fish is consumed.  The typical U.S. consumer eating fish from restaurants
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and grocery stores is not in danger of consuming harmful levels of methylmercury from fish and is not
advised to limit fish consumption.  The levels of methylmercury found in the most frequently consumed
commercial fish are low, especially compared to levels that might be found in some non-commercial fish
from fresh water bodies that have been affected by mercury pollution.  While most U.S. consumers need
not be concerned about their exposure to methylmercury, some exposures may be of concern.   Those
who regularly and frequently consume large amounts of fish -- either marine species that typically have
much higher levels of methylmercury than the rest of seafood, or freshwater fish that have been affected
by mercury pollution -- are more highly exposed.  Because the developing fetus may be the most
sensitive to the effects from methylmercury, women of child-bearing age are regarded as the population
of greatest interest.   In this Report, an analysis of dietary surveys led the U.S. EPA to conclude that
between 1 and 3 percent of women of child-bearing age (i.e., between the ages of 15 and 44) eat
sufficient amounts of fish to be at risk from methylmercury exposure, depending on the methylmercury
concentrations in the fish.  These consumers should be aware of the Food and Drug Administration and
State fish advisories that suggest limiting the consumption of contaminated fish.  Advisories in the
United States have been issued by 39 states and some Tribes, warning against consumption of certain
species of fish contaminated with methylmercury.  


To the extent that concern is focused on high-end fish and seafood consumers, research is needed
on the actual consumption patterns and estimated methylmercury exposure of this subpopulation.  In
addition, the findings from such research should be validated by analysis of hair samples from a
representative sample of members of this subpopulation.


Environmental Impacts


The pattern of mercury deposition nationwide influences which eco-regions and eco-systems will
be more highly exposed.  Piscivorous (fish-eating) birds and mammals are more highly exposed to
mercury than any other known component of aquatic ecosystems.  Adverse effects of mercury on fish,
birds and mammals include death, reduced reproductive success, impaired growth and development, and
behavioral abnormalities. 


Mercury contamination has been documented in the endangered Florida panther and the wood
stork, as well as populations of loons, eagles, and furbearers such as mink and otter.  These species are at
high risk of mercury exposure and effects because they either are piscivores or eat piscivores. 
Concentrations of mercury in the tissues of wildlife species have been reported at levels associated with
adverse health effects in laboratory studies with the same species. However, field data are insufficient to
conclude whether piscivorous wading birds or mammals have suffered adverse effects due to airborne
mercury emissions.  Modeling analyses conducted for this Report suggest that it is probable that
individuals of some highly exposed wildlife subpopulations are experiencing adverse effects due to
airborne mercury emissions.


Mercury Control Technologies


Mercury is widely used in industry because of its diverse properties and serves as a process or
product ingredient in several industrial sectors, however, industrial demand for mercury has declined by
about 75 percent between l988 and l996, due largely to the elimination of mercury additives in paints and
pesticides and the reduction of mercury in batteries.  Most of the emissions of mercury are produced
when waste or fuel containing mercury is burned. The U.S. EPA has already finalized emission limits for
municipal waste combustors and medical waste incinerators.  As a result, by the year 2000, emissions
from these categories will decline at least 90 percent from 1995 levels.  In addition, mercury emission
limits have been proposed for hazardous waste incinerators.  
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The largest remaining identified source of mercury emissions are coal-fired utility boilers. 
Although a number of mercury control technologies are being evaluated for utility boilers, most are still
in the research stages, making it difficult to predict final cost-effectiveness as well as the time required to
scale-up and commercialize the technologies.  Because the chemical species of mercury emitted from
boilers varies from plant to plant, there is no single control technology that removes all forms of mercury. 
There remains a wide variation in the end costs of control measures for utilities and the possible impact
of such costs on utilities.  Preliminary estimates of national control costs for utility boilers (based on pilot
scale data) are in the billions of dollars per year.  Ongoing research, as well as research needs related to
mercury controls for utilities, are described in the document.


Cost-effective opportunities to deal with mercury during the product life-cycle, rather than just at
the point of disposal, need to be pursued.  A balanced strategy which integrates end-of-pipe control
technologies with material substitution and separation, design-for-environment, and fundamental process
change approaches is needed.   In addition, international efforts to reduce mercury emissions as well as
greenhouse gases will play an important role in reducing inputs to the global reservoir of mercury.  
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1. THE MERCURY STUDY REPORT TO CONGRESS


The Clean Air Act Amendments of 1990 (CAA) established section 112(n)(1)(B) which requires
the United States Environmental Protection Agency (U.S. EPA) to study the impacts of mercury air
pollution.  In particular, section 112(n)(1)(B) specifies the following:


The Administrator shall conduct, and transmit to the Congress not later than 4 years after
the date of enactment of the Clean Air Act Amendments of 1990, a study of mercury
emissions from electric utility steam generating units, municipal waste combustion units,
and other sources, including area sources.  Such study shall consider the rate and mass of
such emissions, the health and environmental effects of such emissions, technologies
which are available to control such emissions, and the costs of such technologies.


The U.S. EPA designed the Mercury Study to address many different (but linked) types of
information:


� data on type, sources, and trends in emissions; 


� evaluation of the atmospheric transport of mercury to locations distant from emission
sources;


� assessment of potential impacts of mercury emissions close to the source;


� identification of major pathways of exposure to humans and non-human biota;


� identification of the types of human health consequences of mercury exposure and the
amount of exposure likely to result in adverse effects;


� evaluation of mercury exposure consequences for ecosystems and for non-human
species;


� identification of populations especially at risk from mercury exposure due to innate
sensitivity or high exposure; and


� estimates of control technology efficiencies and costs.


The Report used the above types of information to assess the impact of emissions to air of
mercury from a variety of sources.  This assessment included judgments as to the potential hazard to
humans and wildlife of methylmercury exposure which (as is described in succeeding sections) is largely
through the consumption of contaminated fish.


There was no attempt in this Report to do a comparative risk/benefit analysis of fish as an
important source of protein and calories in the diet of U.S. populations.  Such an analysis would be
beyond the scope of the CAA mandate.  As emphasized in succeeding sections, the typical U.S.
consumer of fish is not in danger of consuming harmful levels of methylmercury and is not being
advised to reduce fish consumption.







1-2


This Mercury Study Report to Congress fulfills the mandate of section 112(n)(1)(B).  The Report
is in eight volumes:


� Volume I:  Executive Summary
� Volume II:  An Inventory of Anthropogenic Mercury Emissions in the United States
� Volume III: Fate and Transport of Mercury in the Environment
� Volume IV: An Assessment of Exposure to Mercury in the United States
� Volume V:  Health Effects of Mercury and Mercury Compounds
� Volume VI:  An Ecological Assessment for Anthropogenic Mercury Emissions in the


United States
� Volume VII:  Characterization of Human Health and Wildlife Risks from Mercury


Exposure in the United States
� Volume VIII:  An Evaluation of Mercury Control Technologies and Costs.


The various analyses documented in this Report were designed and conducted in accordance
with accepted guidelines and procedures.  For example, the human health risk assessment performed for
this Report follows published Guidelines for Risk Assessment (including guidelines on Exposure
Assessment, Developmental Toxicity, Carcinogenicity and Germ Cell Mutagenicity) and uses established
methodologies for quantitative assessment of general systemic toxicity (e.g., in the calculation of
reference doses (RfDs) and reference concentrations (RfCs)).  Moreover, the assessment of ecological
effects, presented in Volume VI, follows U.S. EPA's Framework for Ecological Risk Assessment. 
Criteria values for protection of piscivorous wildlife were developed using the methodology developed
for the Great Lakes Water Quality Initiative.


In 1994, the National Research Council of the National Academy of Sciences, in Science and
Judgment in Risk Assessment, recommended several areas in which U.S. EPA could improve its risk
assessment and risk characterization practices.  These recommendations are listed below along with a
description of how they were implemented in this Report.


� Provide an understanding of the type and magnitude of an adverse effect that a specific
chemical or emission could cause under particular circumstances.  The Report
characterizes both the type and magnitude of health and ecological effects associated
with airborne emissions of mercury from anthropogenic sources.


� Validate methods and models.  All models used for the Report were critiqued by
scientific experts and model predictions were compared to measured mercury levels
using the most appropriate data available.


� Describe the basis for default options.  All assumptions are described and justified based
on available data.  Where appropriate, exposure models were modified to improve
assumptions and to focus on areas of prediction where use of model assumptions is most
justified.


� Articulate and prioritize data needs.  The Report includes a section on Research Needs
in each volume.


� Distinguish between variability and uncertainty.  The Report provides discussions that
attempt to make these distinctions for the risk results.
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� Perform formal uncertainty analyses.  Uncertainty analyses were formally conducted for
the dose-response and exposure assessment steps of the study, and were implicit in
weight-of-evidence processes used in the hazard identification step of the human health
risk assessment and the problem formulation phase of the ecological risk assessment. 
Uncertainty also was analyzed quantitatively in other components of the study, such as
in the calculation of bioaccumulation factors and the RfD for methylmercury.
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2. MERCURY IN THE ENVIRONMENT


As a chemical element, mercury cannot be created or destroyed.  The same amount has existed
on the planet since the earth was formed.  Mercury, however, can cycle in the environment as part of
both natural and human (anthropogenic) activities.  Measured data and modeling results indicate that the
amount of mercury mobilized and released into the biosphere has increased since the beginning of the
industrial age.


Several types of emission sources contribute to the total atmospheric loading of mercury.  Once
in the air, mercury can be widely dispersed and transported thousands of miles from likely emission
sources.  The distance of this transport and eventual deposition depends on the chemical and physical
form of the mercury emitted.  Studies indicate that the residence time of elemental mercury in the
atmosphere may be on the order of a year, allowing its distribution over long distances, both regionally
and globally, before being deposited to the earth.  The residence time of oxidized mercury compounds in
the atmosphere is uncertain, but is generally believed to be on the order of a few days or less.  Even after
it deposits, mercury commonly is emitted back to the atmosphere either as a gas or in association with
particulates to be re-deposited elsewhere.  Mercury undergoes a series of complex chemical and physical
transformations as it cycles among the atmosphere, land, and water.  Humans, plants and animals are
routinely exposed to mercury and accumulate it during this cycle, potentially resulting in a variety of
ecological and human health impacts.


Properties and Uses of Mercury


Elemental mercury metal is a heavy, silvery-white liquid at typical ambient temperatures and
atmospheric pressures.  The vapor pressure of mercury metal is strongly dependent on temperature, and
it vaporizes readily under ambient conditions.  Most of the mercury encountered in the atmosphere is
elemental mercury vapor.


Mercury can exist in three oxidation states:  Hg  (metallic), Hg  (mercurous) and Hg0 2+ 2+
2


(mercuric).  The properties and behavior of mercury depend on the oxidation state.  Most of the mercury
in water, soil, sediments, or biota (i.e., all environmental media except the atmosphere) is in the form of
inorganic mercury salts and organic forms of mercury.


Mercury is widely used because of its diverse properties.  In very small quantities, mercury
conducts electricity, responds to temperature and pressure changes and forms alloys with almost all other
metals.  Mercury serves an important role as a process or product ingredient in several industrial sectors.


 In the electrical industry, mercury is used in components such as fluorescent lamps, wiring
devices and switches (e.g., thermostats) and mercuric oxide batteries.  Mercury also is used in
navigational devices, instruments that measure temperature and pressure and other related uses.  It also is
a component of dental amalgams used in repairing dental caries (cavities).


In addition to specific products, mercury is used in numerous industrial processes.  The largest
quantity of mercury used in manufacturing in the U.S. is the production of chlorine and caustic soda by
mercury cell chlor-alkali plants.  Other processes include amalgamation, use in nuclear reactors, wood
processing (as an anti-fungal agent), use as a solvent for reactive and precious metals, and use as a
catalyst.  Mercury compounds are also frequently added as a preservative to many pharmaceutical
products.
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The Role of Atmospheric Releases and Processes


A schematic of the most recent conceptualization of the current global mercury cycle is presented in
Figure 2-1.  As indicated in this figure, mercury is emitted to the atmosphere by a variety of sources,
dispersed and transported in the air, deposited to the earth, and stored in or transferred between the land,
water, and air.


Figure 2-1
The Global Mercury Cycle


Source:  Adapted from Mason, R.P., Fitzgerald, W.F., and Morel, M.M.  1994.  The Biogeochemical Cycling of Elemental
Mercury:  Anthropogenic Influences.  Geochim. Cosmochim. Acta, 58(15):3191-3198.


Mercury deposits on the earth in different ways and at different rates, depending on its physical and
chemical form.  Mercuric species are subject to much faster atmospheric removal than elemental mercury. 
Mercuric mercury bound to airborne particles and in a gaseous form is readily scavenged by precipitation and
is also dry deposited (that is, deposited in the absence of precipitation).  In contrast, elemental mercury vapor
has a strong tendency to remain airborne and is not susceptible to any major process resulting in direct
deposition to the earth's surface.  Although much uncertainty still exists, several studies indicate that the
relative contribution of mercury loadings to land and water from atmospheric deposition can be substantial.
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Numerous studies of elevated mercury levels in remote locations, where atmospheric transport
and deposition appears to be the primary mechanism for contamination, provide further evidence of the
importance of the atmospheric pathway.


Fate and Transport of Mercury in the Environment


The movement and distribution of mercury in the environment can be confidently described only
in general terms.  There has been increasing consensus on many, but not all, of the detailed behaviors of
mercury in the environment.  The depiction of the mercury cycle in Figure 2-2 illustrates the major
transfer and transformation processes expected to occur.  These processes include a number of infinite
and/or indefinite loops.


Figure 2-2
Cycling of Mercury in Freshwater Lakes


Source:  Adapted from Winfrey, M.R. and J.W.M. Rudd.  1990.  Review -- Environmental Factors Affecting the
Formation of Methylmercury in Low pH Lakes.  Environ. Toxicol. Chem. 9:853-869.


Mercury cycling and partitioning in the environment are complex phenomena that depend on
numerous environmental parameters.  The following points generally describe the key factors that affect
the fate and transport of mercury in the environment.


� The form of mercury in air affects both the rate and mechanism by which it deposits to
earth.
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� Wet deposition apparently is the primary mechanism for transporting mercury from the
atmosphere to surface waters and land.


� Once in aquatic systems, mercury can exist in dissolved or particulate forms and can
undergo a number of chemical transformations (see Figure 2-2).


� Contaminated sediments at the bottom of surface waters can serve as an important
mercury reservoir, with sediment-bound mercury recycling back into the aquatic
ecosystem for decades or longer.


� Mercury has a long retention time in soils.  As a result, mercury that has accumulated in
soils may continue to be released to surface waters and other media for long periods of
time, possibly hundreds of years.


Potential Exposure Pathways


Plants, animals and humans can be exposed to mercury by direct contact with contaminated
environmental media or ingestion of mercury-contaminated water and food.


Generally, mercury accumulates up aquatic food chains so that organisms in higher trophic
levels have higher mercury concentrations.  An example aquatic food web is shown in Figure 2-3.  At the
top trophic levels are piscivores, such as humans, bald eagles, cormorants, herring gulls and other fish-
eating species.  The larger wildlife species (e.g., bald eagle, otter) can prey on fish that occupy high
trophic levels, such as trout and salmon, which in turn feed on smaller "forage" fish.  Smaller piscivorous
wildlife (e.g., kingfishers, ospreys) tend to feed on the smaller forage fish, which in turn feed on
zooplankton or benthic invertebrates.  Zooplankton feed on phytoplankton and the smaller benthic
invertebrates feed on algae and detritus.  Thus, mercury is transferred and accumulated through several
trophic levels.


Figure 2-3
Example


Aquatic Food
Web
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Mercury Methylation and Bioaccumulation


Methylation of mercury is a key step in the entrance of mercury into food chains.  The
biotransformation of inorganic mercury species to methylated organic species in water bodies can occur
in the sediment and the water column.  All mercury compounds entering an aquatic ecosystem, however,
are not methylated; demethylation reactions as well as volatilization of dimethylmercury decrease the
amount of methylmercury available in the aquatic environment.  There is a large degree of scientific
uncertainty regarding the rate at which these reactions take place.  There is general scientific agreement
however that there is significant variability between waterbodies concerning the environmental factors
that influence the methylation of mercury.


 Nearly 100% of the mercury that bioaccumulates in fish tissue is methylated.  Numerous factors
in can influence the bioaccumulation of mercury in aquatic biota.  These include the acidity of the water
(pH), length of the aquatic food chain, temperature and dissolved organic material.  Physical and
chemical characteristics of a watershed, such as soil type and erosion, affect the amount of mercury that
is transported from soils to water bodies.  Interrelationships between these factors are poorly understood,
however, and there is no single factor (including pH) that has been correlated with mercury
bioaccumulation in all cases examined. 


Mercury accumulates in an organism when the rate of uptake exceeds the rate of elimination. 
Although all forms of mercury can accumulate to some degree, methylmercury accumulates to a greater
extent than other forms of mercury.  Inorganic mercury can also be absorbed but is generally taken up at
a slower rate and with lower efficiency than is methylmercury.  Elimination of methylmercury takes
place very slowly resulting in tissue half-lives (i.e., the time in which half of the mercury in the tissue is
eliminated) ranging from months to years.  Elimination of methylmercury from fish is so slow that long-
term reductions of mercury concentrations in fish are often due mainly to growth of the fish.  By
comparison, other mercury compounds are eliminated relatively quickly resulting in reduced levels of
accumulation.


Methylmercury production and accumulation in the freshwater ecosystem is an efficient process
for accumulating mercury which can then be ingested by fish-eating (piscivores) birds, animals and
people.  In addition, methylmercury generally comprises a relatively greater percentage of the total
mercury content at higher trophic levels.  Accordingly, mercury exposure and accumulation is of
particular concern for animals at the highest trophic levels in aquatic food webs and for animals and
humans that feed on these organisms.


Human Exposure Pathways and Health Effects


Humans are most likely to be exposed to methylmercury through fish consumption.  Exposure
may occur through other routes as well (e.g., the ingestion of methylmercury-contaminated drinking
water and food sources other than fish, and dermal uptake through soil and water); however, the fish
consumption pathway dominates these other pathways for people who eat fish.


There is a great deal of variability among individuals who eat fish with respect to food sources
and fish consumption rates.  As a result, there is a great deal of variability in exposure to methylmercury
in these populations.  The presence of methylmercury in fish is, in part, the result of anthropogenic
mercury releases from industrial and combustion sources.   As a consequence of human consumption of
the affected fish, there is an incremental increase in exposure to methylmercury.
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Mercury is a known human toxicant.  Clinically observable neurotoxicity has been observed
following exposure to high amounts of mercury (for example, �Mad Hatters’ Disease�).  Consumption of
highly contaminated food also has produced overt mercury neurotoxicity.  Studies in humans and in
experimental animals are described in Volume V of the Mercury Study Report to Congress.  Generally,
the most subtle indicators of methylmercury toxicity are neurological changes.  The neurotoxic effects
include subtle decrements in motor skills and sensory ability at comparatively low doses to tremors,
inability to walk, convulsions and death at extremely high exposures.


Environmental Impacts


Adverse effects of mercury on fish include death, reduced reproductive success, impaired growth
and development and behavioral abnormalities.  Exposure to mercury can also cause adverse effects in
plants, birds and mammals.  Reproductive effects are the primary concern for mercury poisoning and can
occur at dietary concentrations well below those which cause overt toxicity.  Effects of mercury on birds
and mammals include death, reduced reproductive success, impaired growth and development and
behavioral abnormalities.  Sublethal effects of mercury on birds and mammals include liver damage,
kidney damage, and neurobehavioral effects.  Effects of mercury on plants include death and sublethal
effects.  Sublethal effects on aquatic plants can include plant senescence, growth inhibition and
decreased chlorophyll content.  Sublethal effects on terrestrial plants can include decreased growth, leaf
injury, root damage, and inhibited root growth and function.


Concentrations of mercury in the tissues of wildlife species have been reported at levels
associated with adverse effects.  Toxic effects on piscivorous avian and mammalian wildlife due to the
consumption of contaminated fish have been observed in association with point source releases of
mercury to the environment.  However, field data are insufficient to conclude whether wildlife has
suffered adverse effects due to airborne mercury.


Mercury Levels in the United States 


Based on 1996 data compiled by U.S. EPA’s Office of Water, advisories have been issued in 39
states that warn against the consumption of certain amounts and species of fish that are contaminated
with mercury.  Ten states have statewide advisories (i.e., advisories posted on every freshwater body in
that state). These advisories are based on the results of sampling surveys that measure mercury levels in
representative fish species collected from water bodies. The advisories are intended for people who catch
and eat fish from those waterbodies. 


Table 2-1 presents the range of average mercury concentrations in parts per million (ppm) in
major fish species throughout the U.S.  (i.e., these are ranges of averages values measured by State
agencies across the U.S., not ranges of individual sample values used to calculate the means).  This
information is based on data which represent the results of fish samples from the District of Columbia
and 36 states. 


The fish samples were analyzed during the period from 1990 through 1995.  The three species of
bottom feeders categorized in the table are carp, white sucker and channel catfish.  Largemouth bass,
smallmouth bass, walleye, brown trout and  northern pike represent the major predatory fish species.  







     O’Connor, T. P., and B. Beliaeff  (1995).  Recent Trends in Coastal Environmental Quality:  Results from the Mussel Watch1


Project.  1986 to 1993.  U.S. Department of Commerce, National Oceanic and Atmospheric Administration, National Ocean
Service, Office of Ocean Resources, Conservation and Assessment, Silver Spring, MD.
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Table 2-1
Range of Average Mercury Concentrations (ppm) for Major Fish Species in the U.S. in 36 States


and DC, 1990-1995


Carp 0.061 -0.250 White sucker 0.042 - 0.456


Channel catfish 0.010 - 0.890 Largemouth bass 0.101 - 1.369


Smallmouth bass 0.094 - 0.766 Walleye 0.040 - 1.383


Brown trout 0.037 - 0.418 Northern pike 0.084 - 0.531


Fish sold in commerce are under the jurisdiction of the FDA which issues action levels for
concentration of mercury in fish and shellfish. The current FDA action level is 1 ppm mercury based on a
consideration of health impacts.  As illustrated in the table above, freshwater fish can have mercury
levels which exceed the U.S. FDA action limit of 1 ppm.  The concentration of methylmercury in
commercially important marine species is, on the average, close to ten times lower than the FDA action
level. 


Mercury levels in marine fish have been monitored for at least 20 years by the National Marine
Fisheries Service.  The data in marine fish have shown mercury levels over this time to be relatively
constant in various species.  Comparable trends data for freshwater fish do not exist, although there are
data for coastal and estuarine sites.


The following information on mercury levels in coastal and estuarine bivalve mollusks (mussels
and oysters) is taken from the Mussel Watch Project, which is part of the National Oceanic and
Atmospheric Administration’s (NOAA’s) National Status and Trends (NS&T) Program.  The Mussel
Watch Project is a large-scale monitoring project that measures concentrations of organic and trace metal
contaminants in fresh whole soft-parts of mussels and oysters at over 240 coastal and estuarine sites. 
These data, which are available for 1986-1993, provide important information about spatial and temporal
trends in mercury contamination.


These data are summarized on a regional basis in Table 2-2.  Although statistical evaluation has
not been conducted, median concentrations along the North Atlantic, Eastern Gulf, and Pacific coasts
(0.15, 0.14, and 0.11 ppm dry weight, respectively) appear to be higher relative to those along the Middle
Atlantic, South Atlantic, and Western Gulf coasts (0.06, 0.09, and 0.08 ppm dry weight, respectively) . 1


The highest mercury concentrations measured exceed 1.0 ppm dry weight at sites along the Western Gulf
and Pacific coasts (1.80 and 1.01 ppm dry weight, respectively) . 1


For the purpose of temporal analysis, annual Mussel Watch data on mercury concentrations in
bivalve mollusks at specific sites have been aggregated to national geometric means .  The national1


means, which are shown in Table 2-3, do not show any temporal trend in mercury concentrations in
mussels and oysters for the period 1986-1993.
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Table 2-2
Mercury Concentration in Bivalve Mollusks from Mussel Watch Sites (1986-1993)


Region States Range  Concentration
Concentration Median


(ppm-dry weight) (ppm-dry weight)


North Atlantic ME, MA , RI, CT, NY, NJ 0.005-0.72 0.15


Middle Atlantic DE, MD, VA 0.003-0.33 0.06


South Atlantic NC, SC, GA, FL (east coast) 0.012-0.98 0.09


Eastern Gulf of Mexico FL (west coast), AL, MS 0.005-0.72 0.14


Western Gulf of Mexico LA, TX 0.002-1.80 0.08


Pacific CA, OR, WA, HI, AK 0.002-1.01 0.11


Table 2-3
Nationwide Geometric Mean Concentrations of Mercury in Bivalve Mollusks (1986-1993)


1986 1987 1988 1989 1990 1991 1992 1993


Mean Mercury Concentration 0.11 0.11 0.11 0.12 0.09 0.11 0.11 0.12
(ppm-dry weight)


Temporal trend analysis was also conducted on a site-by-site basis for 154 Mussel Watch sites
that had data for at least six years during the period 1986-1993 (O’Conner and Beliaeff 1995).  Seven
sites exhibited an increasing trend in mercury concentrations, and eight sites exhibited a decreasing trend
in mercury concentrations, with 95% statistical confidence.  The sites with increasing and decreasing
trends are shown in Table 2-4.  Many of these sites occur in areas which are heavily industrialized.  It is
probable that there are point source discharges to these estuaries.  The contribution of mercury via air
deposition to these sites is unclear.
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Table 2-4
Trends in Mercury Concentrations in Bivalve Mollusks (1986-1993)


Site Name State


Increasing Trend


Mobile Bay - Hollingers Island Channel AL


Lake Borgne - Malheureux Point LA


Galveston Bay - Confederate Reef TX


Point Loma - Lighthouse CA


San Francisco Bay - Emeryville CA


Point Arena - Lighthouse CA


Crescent - Point St. George CA


Decreasing Trend


Charlotte Harbor - Bord Island FL


Mississippi Sound - Pascagoula Bay MS


Sabine Lake - Blue Buck Point TX


Mission Bay - Ventura Bridge CA


Marina Del Rey - South Jetty CA


Elliott Bay - Four-Mile Rock WA


Sinclair Inlet - Waterman Point WA


Whidbey Island - Possession Point WA







3-1


3. FINDINGS OF THE MERCURY STUDY REPORT TO CONGRESS


Sources Contributing to Mercury in the Environment


In the CAA, Congress directed U.S. EPA to examine sources of mercury emissions, including
electric utility steam generating units, municipal waste combustion units and other sources, including
area sources.  The U.S. EPA interpreted the phrase "... and other sources..." to mean that a
comprehensive examination of mercury sources should be made and to the extent data were available, air
emissions should be quantified.  Volume II of this Report describes in some detail various source
categories that emit mercury.  In many cases, a particular source category is identified as having the
potential to emit mercury, but data are not available to assign a quantitative estimate of emissions.  The
U.S. EPA's intent was to identify as many sources of mercury emissions to the air as possible and to
quantify those emissions where possible.


The mercury emissions data that are available vary considerably in quantity and quality among
different source types.  Not surprisingly, the best available data are for source categories that U.S. EPA
has examined in the past or is currently studying.


Sources of mercury emissions in the United States are ubiquitous.  To characterize these
emissions, the types are defined in the following way:


� Natural mercury emissions -- the mobilization or release of geologically bound mercury
by natural processes, with mass transfer of mercury to the atmosphere;


� Anthropogenic mercury emissions -- the mobilization or release of geologically bound
mercury by human activities, with mass transfer of mercury to the atmosphere; or


� Re-emitted mercury -- the mass transfer of mercury to the atmosphere by biologic and
geologic processes drawing on a pool of mercury that was deposited to the earth's
surface after initial mobilization by either anthropogenic or natural activities.


Contemporary anthropogenic emissions of mercury are only one component of the global
mercury cycle.  Releases from human activities today are adding to the mercury reservoirs that already
exist in land, water, and air, both naturally and as a result of previous human activities. Given the present
understanding of the global mercury cycle, the flux of mercury from the atmosphere to land or water at
any one location is comprised of contributions from the following:


� The natural global cycle,
� The global cycle perturbed by human activities,
� Regional sources, and
� Local sources.


Local sources could also include direct water discharges in addition to air emissions.  Past uses
of mercury, such as fungicide application to crops are also a component of the present mercury burden in
the environment.


Understanding of the global mercury cycle (shown schematically in Figure 3-1) has improved
significantly with continuing study of source emissions, mercury fluxes to the earth's surface, and the 
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Figure 3-1
Comparison of Estimated Current and Pre-Industrial


Mercury Budgets and Fluxes


Current Mercury
Budgets and


Fluxes


Pre-Industrial
Mercury Budgets


and Fluxes


Source:   Adapted from Mason, R.P. Fitzgerald, W.F. and Morel, M.M. 1994.  The
Biogeochemical Cycling of Elemental Mercury:  Anthropogenic Influences.  Geochem. Cosmochim.
Acta, 58(15):3191-3198.







     Expert Panel on Mercury Atmospheric Processes.  September 1994.  Mercury Atmospheric Processes:  A Synthesis Report.2


Electric Power Research Institute.  Report No. TR-104214.


     Fitzgerald, W. F., and R. P. Mason.  1996.  The Global Mercury Cycle:  Oceanic and Anthropogenic Aspects.  Pp. 185-1083


in Baeyens, W., R. Ebinghaus, and O. Vasiliev, eds., Global and Regional Mercury Cycles:  Sources, Fluxes, and Mass
Balances.
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magnitude of mercury reservoirs that have accumulated in soils, watersheds and ocean waters.  Although
considerable uncertainty still exists, it has become increasingly evident that anthropogenic emissions of
mercury to the air rival or exceed natural inputs.  Recent estimates place the annual amounts of mercury
released into the air by human activities at between 50 and 75 percent of the total yearly input to the
atmosphere from all sources.  Recycling of mercury at the earth's surface, especially from the oceans,
extends the influence and active lifetime of anthropogenic mercury releases.


A better understanding of the relative contribution of mercury from anthropogenic sources is also
limited by substantial remaining uncertainties regarding the level of natural emissions as well as the
amount and original source of mercury that is re-emitted to the atmosphere from soils, watersheds, and
ocean waters.  Recent estimates indicate that of the approximately 200,000 tons of mercury emitted to
the atmosphere since 1890, about 95 percent resides in terrestrial soils, about 3 percent in the ocean
surface waters, and 2 percent in the atmosphere.  More study is needed before it is possible to accurately
differentiate between natural emissions from these soils, watersheds and ocean water and from re-
emissions of mercury which originated from anthropogenic sources.  For instance, approximately one-
third of total current global mercury emissions are thought to cycle from the oceans to the atmosphere
and back again to the oceans, but a major fraction of the emissions from oceans consists of recycled
anthropogenic mercury.  According to the Expert Panel on Mercury Atmospheric Processes  20 to 302


percent of the oceanic emission is from mercury originally mobilized by natural sources.  Similarly, a
potentially large fraction of terrestrial and vegetative emissions consists of recycled mercury from
previously deposited anthropogenic and natural emissions.


Comparisons of contemporary (within the last 15-20 years) measurements and historical records
indicate that the total global atmospheric mercury burden has increased since the beginning of the
industrialized period by a factor of between two and five (see Figure 3-1).  It is uncertain, however,
whether overall atmospheric mercury levels are currently increasing, decreasing or remaining stable. 
Measurements over remote areas in the Atlantic Ocean show increasing levels up until 1990 and a
decrease for the period 1990-1994.  At some locations in the upper midwest of the U.S., measurements of
deposition rates suggest decreased deposition at some locations.  This decrease has been attributed to
control of mercury emissions from local or regional sources.  However, measurements at remote sites in
northern Canada and Alaska show deposition rates that continue to increase.  Since these remote sites are
subject to global long-range sources rather than regional sources, these measurements may indicate that
the global atmospheric burden of mercury is still increasing.  


Although the estimated residence time of elemental mercury in the atmosphere is about 1 year,
the equilibrium between the atmosphere and ocean waters results in a longer time period needed for
overall change to take place in the size of the global reservoir.  Therefore, by substantially increasing the
size of the oceanic mercury pool, anthropogenic sources have introduced long term perturbations into the
global mercury cycle.  Fitzgerald and Mason  estimate that if all anthropogenic emissions were ceased, it3


would take about 15 years for mercury reservoirs in the oceans and the atmosphere to return to pre-
industrial conditions.  The Science Advisory Board, in its review of this study concluded that it could
take significantly longer.  There is scientific agreement however, that the slow release of mercury from
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terrestrial sinks to freshwater and coastal waters will persist for a long time, probably decades, which
effectively increases the length of time anthropogenic emissions would impact the environment.  This is
particularly significant given that the surface soils contain most of the pollution-derived mercury of the
industrial period.  As a result, it is uncertain at this time how long it would take after reductions in
anthropogenic emissions for mercury levels in the global environment, including fish levels, to return to
true background levels.  


Because of the current scientific understanding of the environmental fate and transport of this
pollutant, it is not possible to quantify the contribution of U.S. anthropogenic emissions relative to other
sources of mercury, including natural sources and re-emissions from the global pool, on methylmercury
levels in seafood and freshwater fish consumed by the U.S. population. Consequently, the U.S. EPA is
unable to predict at this time how much, and over what time period, methylmercury concentrations in fish
would decline as a result of actions to control U.S. anthropogenic emissions.  This is an area of ongoing
study.


Inventory Approach and Uncertainties


Given the considerable uncertainties regarding the levels of natural and re-emitted mercury
emissions, the emissions inventory focused only on the nature and magnitude of mercury emissions from
current anthropogenic sources.  The U.S. EPA recognizes, however, that an assessment of the relative
public health and environmental impact that can be attributed to current anthropogenic emissions is
greatly complicated by both natural mercury emissions, previous emissions of mercury that have
subsequently deposited and other sources such as water discharges and other previous uses (e.g.,
fungicide application).  Further study is needed to determine the importance of natural and re-emitted
mercury, and the contribution of water discharges relative to atmospheric deposition.  Based on estimates
of the total annual global input to the atmosphere from all sources (i.e, 5000 Mg from anthropogenic,
natural, and oceanic emissions as illustrated by Figure 3-1), U.S. sources are estimated to contribute
about 3 percent, based on 1995 emissions estimates as described below.   


For most anthropogenic source categories, an emission factor-based approach was used to
develop both facility-specific estimates for modeling purposes and nationwide emission estimates.  This
approach requires an emission factor, which is a ratio of the mass of mercury emitted to a measure of
source activity.  It also requires an estimate of the annual nationwide source activity level.  Examples of
measures of source activity include total heat input for fossil fuel combustion and total raw material used
or product generated for industrial processes.  Emission factors are generated from emission test data,
from engineering analyses based on mass balance techniques, or from transfer of information from
comparable emission sources.  Emission factors reflect the "typical control" achieved by the air pollution
control measures applied across the population of sources within a source category.


The emission factor-based approach does not generate exact emission estimates.  Uncertainties
are introduced in the estimation of emission factors, control efficiencies and the activity level measures. 
Ideally, emission factors are based on a substantial quantity of data from sources that represent the
source category population.  For trace pollutants like mercury, however, emission factors are frequently
based on limited data that may not have been collected from representative sources.  Changes in
processes or emission measurement techniques over time may also result in biased emission factors. 
Emission control estimates are also generally based on limited data; as such, these estimates are
imprecise and may be biased.  Further uncertainty in the emission estimates is added by the sources of
information used on source activity levels, which vary in reliability.
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  Once emitted to the environment, the fate and transport of mercury is greatly influenced by the
chemical form of mercury.  The data collected for the emissions inventory was all reported as total
mercury with the exception of hazardous waste combustors for which there are site-specific speciated
data.  For medical waste incinerators and utility boilers there were limited speciated samples from a few
facilities.  In the exposure analysis described below, estimates were made of speciation profiles for
modeling purposes.  Speciated data derived from actual monitoring of sources are a critical research
need.  These data are needed to establish a clear causal link between mercury originating from
anthropogenic sources and mercury concentration (projected or actual) in environmental media and/or
biota.  


To improve the emissions estimates, a variety of other research activities are also needed.  These
are listed in Chapter 5 of this Volume.


Anthropogenic Emissions Summary


Table 3-1 summarizes the estimated national mercury emission rates by source category.  While
these emission estimates for anthropogenic sources have limitations, they do provide insight into the
relative magnitude of emissions from different groups of sources.  All of these emissions estimates
should be regarded as best point estimates given available data.  Considering the data gaps and other
uncertainties in the inventory, the external peer review panel that reviewed this work in January 1995
concluded that missing sources could contribute as much as 20 percent more mercury emissions to the
U.S. total.  This could affect the relative ranking of the smaller sources.


Of the estimated 144 Megagrams (Mg) (158 tons) of mercury emitted annually into the
atmosphere by anthropogenic sources in the United States, approximately 87 percent is from combustion
point sources, 10 percent is from manufacturing point sources, 2 percent is from area sources, and
1 percent is from miscellaneous sources.  Four specific source categories account for approximately
80 percent of the total anthropogenic emissions--coal-fired utility boilers (33 percent), municipal waste
combustion (19 percent), commercial/industrial boilers (18 percent), and medical waste incinerators
(10 percent).  It should be noted that the U.S. EPA has finalized mercury emission limits for municipal
waste combustors and medical waste incinerators.  When fully implemented, these emission limits will
reduce mercury emissions from these sources by an additional 90 percent over 1995 levels.


All four of the most significant sources represent high temperature waste combustion or fossil
fuel processes.  For each of these operations, the mercury is present as a trace contaminant in the fuel or
feedstock.  Because of its relatively low boiling point, mercury is volatilized during high temperature
operations and discharged to the atmosphere with the exhaust gas.


Trends in Mercury Emissions


It is difficult to predict with confidence the temporal trends in mercury emissions for the U.S.,
although there appears to be a trend toward decreasing total mercury emissions from 1990 to 1995.  This
is particularly true for the waste combustion sources where emissions have declined 50 percent from
municipal waste combustors and 75 percent from medical waste incinerators since 1990 (see below). 
Also, as previously noted, there are a number of source categories where there is insufficient data to
estimate current emissions let alone potential future emissions.  Based on available information,
however, a number of observations can be made regarding mercury emission trends from source
categories where some information is available about past activities and projected future activities.
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Table 3-1
Best Point Estimates of National Mercury Emission Rates by Category


Sources of mercury Mg/yr tons/yr Inventorya
1994-1995 1994-1995 % of Total


b b b


Area sources 3.1 3.4 2.2
     Lamp breakage 1.4 1.5 1.0
     General laboratory use 1.0 1.1 0.7
     Dental preparations 0.6 0.7 0.4
     Landfills <0.1 <0.1 0.0
     Mobile sources c c c
     Paint use c c c
     Agricultural burning c c c


Point Sources 140.9 155.7 97.8
     Combustion sources 125.2 137.9 86.9
          Utility boilers
               Coal
               Oil
               Natural gas
          MWCsh


          Commercial/industrial boilers
               Coal
               Oil
          MWIsh


          Hazardous waste combustorse


          Residential boilers
               Oil
               Coal
          SSIs
          Wood-fired boilersf


          Crematories
     Manufacturing sources
          Chlor-alkali
          Portland cemente


          Pulp and paper manufacturing
          Instruments manufacturing
          Secondary Hg production
          Electrical apparatus
          Carbon black
          Lime manufacturing
          Primary lead
          Primary copper
          Fluorescent lamp recycling
          Batteries
          Primary Hg production
          Mercury compounds 
          Byproduct coke
          Refineries
     Miscellaneous sources
          Geothermal power
          Turf products
          Pigments, oil, etc.


TOTAL


47.2 52.0 32.8
(46.9) (51.6) (32.6)d


(0.2) (0.2) (0.1)
(<0.1) (<0.1) (0.0)
26.9 29.6 18.7
25.8 28.4 17.9


(18.8) (20.7) (13.1)
(7.0) (7.7) (4.9)
14.6 16.0 10.1
6.4 7.1 4.4
3.3 3.6 2.3


(2.9) (3.2) (2.0)
(0.4) (0.5) (0.3)
0.9 1.0 0.6
0.2 0.2 0.1


<0.1 <0.1 0.0
14.4 15.8 10.0
6.5 7.1 4.5
4.4 4.8 3.1
1.7 1.9 1.2
0.5 0.5 0.3
0.4 0.4 0.3
0.3 0.3 0.2
0.3 0.3 0.2
0.1 0.1 0.1
0.1 0.1 0.1


<0.1 <0.1 0.0
<0.1 <0.1 0.0
<0.1 <0.1 0.0


c c c
c c c
c c c
c c c


1.3 1.4 0.9
1.3 1.4 0.9
g g g
g g g


144 158 100


 MWC = Municipal waste combustor; MWI = medical waste incinerator; SSI = sewage sludge incinerator. a


Numbers do not add exactly because of rounding.b 


 Insufficient information to estimate 1994-1995 emissions.c


 Parentheses denote subtotal within larger point source category.d


For the purpose of this inventory, cement kilns that burn hazardous waste for fuel are counted as hazardous waste combustors.e 


 Includes boilers only; does not include residential wood combustion (wood stoves).f


 Mercury has been phased out of use.g


 U.S. EPA has finalized emission guidelines for these source categories which will reduce mercury emissions by at least an additional 90h


percent over 1995 levels.







3-7


Current emissions of mercury from manufacturing sources are generally low compared to
combustion sources (with the exception of chlor-alkali plants using the mercury cell process and portland
cement manufacturing plants).  The emissions of mercury are more likely to occur when the product
(e.g., lamps, thermostats) is broken or discarded.  Therefore, in terms of emission trends, one would
expect that if the future consumption of mercury remains consistent with the 1996 consumption rate,
emissions from most manufacturing sources would remain about the same.


Secondary production of mercury (i.e., recovering mercury from waste products) has increased
significantly over the past few years.  While 372 Mg of mercury were used in industrial processes in
1996, 446 Mg were produced by secondary mercury producers and an additional 340 Mg were imported. 
This is a two-fold increase since 1991.  The number of secondary mercury producers is expected to
increase as more facilities open to recover mercury from fluorescent lamps and other mercury-containing
products (e.g., thermostats).  As a result there is potential for mercury emissions from this source
category to increase.


The largest identified source of mercury emissions during 1994-1995 is fossil fuel combustion
by utility boilers, particularly coal combustion.  Future trends in mercury emissions from this source
category are largely dependent on both the nation's future energy needs and the fuel chosen to meet those
needs.  Another factor is the nature of actions the utility industry may take in the future to meet other air
quality requirements under the Clean Air Act (e.g., national ambient air quality standards for ozone and
particulate matter).


Two other significant sources of mercury emissions currently are municipal waste combustors
and medical waste incinerators.  Emissions from these source categories have declined considerably
since 1990 on account of plant closures (for medical waste incinerators) and reduction in the mercury
content of the waste stream (municipal waste combustors).  Mercury emissions from both of these source
types will decline even further by the year 2000 due to regulatory action the U.S. EPA is taking under the
statutory authority of section 129 of the CAA.  The U.S. EPA has finalized rules for municipal waste
combustors and medical waste incinerators that will, when fully implemented, reduce mercury emissions
from both of these source categories by an additional 90 percent over 1995 levels.  In addition to this
federal action, a number of states (including Minnesota, Florida and New Jersey) have implemented
mandatory recycling programs to reduce mercury-containing waste, and some states have regulations
that impose emission limits that are lower than the federal regulation.  These factors will reduce national
mercury emissions from these source categories even further.


Trends in Mercury Use


Data on industrial demand for mercury show a general decline in domestic mercury use since
demand peaked in 1964. Domestic demand fell by 74 percent between 1980 and 1993, and by more than
75 percent between 1988 and 1996.  The rate of decline, however, has slowed since 1990.  Further
evidence of the declining need for mercury in the U.S. is provided by the general decline in imports since
1988 and the fact that exports have exceeded imports since at least 1989.  Federal mercury sales steadily
increased from 1988 to 1993, reaching a peak of 97 percent of the domestic demand.  However, in July
1994, DLA suspended future sales of mercury from the Department of Defense stockpile until the
environmental implications of these sales are addressed.  In addition, in past years, DLA sold mercury
accumulated and held by the Department of Energy, which is also considered excess to government
needs.  DLA suspended these mercury sales in July 1993 for an indefinite period in order to concentrate







     Plachy, Jozef, 1997.  Mineral Industry Surveys:  Mercury Annual Review 1996.  Reston, VA.  June 1997.4
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on selling material from its own mercury stockpile.  These suspensions caused federal sales to rapidly
decrease to 18 percent of domestic demand in 1994 and to zero since 1995 .4


For industrial or manufacturing sources that use mercury in products or processes, the overall
consumption of mercury is generally declining.  Industrial consumption of mercury has declined by
about 75 percent between 1988 (1503 Mg) and 1996 (372 Mg).  Much of this decline can be attributed to
the elimination of mercury as a paint additive and the reduction of mercury in batteries.  Use of mercury
by other source categories remained about the same between 1988 and 1996.


In general, these data suggest that industrial manufacturers that use mercury are shifting away
from mercury except for uses for which mercury is considered essential.  This shift is believed to be
largely the result of Federal bans on mercury additives in paint and pesticides; industry efforts to reduce
mercury in batteries; increasing state regulation of mercury emissions sources and mercury in products;
and state-mandated recycling programs.  A number of Federal activities are also underway to investigate
pollution prevention measures and control techniques for a number of sources categories (see Volume
VIII of this Report to Congress).


Assessment Approach for Fate and Transport of Mercury


Study Design of the Fate and Transport Analysis


This analysis relied heavily on computer modeling to describe the environmental fate of emitted
mercury because no monitoring data have been identified that conclusively demonstrate or refute a
relationship between any of the individual anthropogenic sources in the emissions inventory and
increased mercury concentrations in environmental media or biota.  To determine if there is a connection
between the above sources and increased environmental mercury concentrations, three different models
were utilized. Volume III of this Report describes in detail the justification for choices of values for
model parameters. 


Given the scientific uncertainties associated with environmental mercury, U.S. EPA decided that
it was most appropriate to examine the environmental fate of mercury at generalized, rather than specific,
sites.  A single air model which was capable of modeling both the local as well as regional fate of
mercury was not identified. This resulted in the use of two air models: the Regional Lagrangian Model of
Air Pollution (RELMAP), for assessing regional scale atmospheric transport, and the Industrial Source
Code model (ISC3), for local scale analyses (i.e., within 50 km of a source).  To examine the fate of
mercury in terrestrial and aquatic environments, U.S. EPA modified an existing generalized watershed
and water body fate model.  The modified model is identified as IEM-2M.  Each of the fate and transport
models used in the analysis is summarized in Table 3-2.
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Table 3-2
Models used in the Report to Congress


Model Function


RELMAP Predict average annual atmospheric mercury
concentrations as well as wet and dry deposition
flux for 40 Km  grids across the continental U.S. 2


Model predictions were based on anthropogenic
emissions from the sources described in Volume
II, Inventory of Anthropogenic Mercury
Emissions in the United States.


ISC3 Predict average annual atmospheric mercury
concentrations as well as the wet and dry
deposition fluxes that result from emissions
within 50 Km of a single source.


IEM-2M Predict environmental media concentrations and
the exposures that result from atmospheric
mercury concentrations and deposition.


In the first step of this risk assessment, RELMAP was used to simulate the regional-scale
transport of anthropogenic mercury emissions over a one-year period.  The predicted anthropogenic
mercury emissions were added to a uniform elemental mercury background concentration of 1.6 ng/m3


which represented natural and recycled anthropogenic sources of mercury worldwide.


In the second step of the assessment, ISC3 was used to simulate the local-scale transport of
anthropogenic mercury emissions.  This approach was selected because environmental monitoring
studies indicate that measured mercury levels in environmental media and biota may be elevated in areas
around stationary industrial and combustion sources known to emit mercury.  Rather than use actual
facilities for this assessment, a set of model plants was defined to represent typical sources. The source
categories evaluated were  municipal waste combustors (MWCs), medical waste incinerators (MWIs),
coal- and oil-fired utility boilers, and chlor-alkali plants.  Two generalized sites where these plants could
be located were developed to assess mercury emissions, deposition and subsequent transport through a
watershed to a water body.  These sites are referred to as the hypothetical western U.S. site and the
hypothetical eastern U.S. site. The primary differences between the two hypothetical locations were the
assumed erosion characteristics for the watershed and the amount of dilution flow from the water body. 
Both sites were assumed to have flat terrain for purposes of the atmospheric modeling. The background
concentrations in all environmental compartments except for the atmosphere (e.g., soils and sediments)
were also assumed to be higher in the eastern U.S. than in the west. The hypothetical eastern and western
sites were “placed” at 2.5, 10, and 25 km from the sources (model plants).  The ISC3 model predicted
mercury air concentrations and deposition rates that resulted from individual model plants at the
specified distances. 


To estimate the total amount of atmospheric deposition at a site, the 50th or 90th percentile
predictions of the RELMAP model for the western or eastern sites were added to the predictions of the
local atmospheric model (ISC3) for the individual model plants.  These combined model predictions of
average atmospheric concentrations and annual-average deposition rates represent the total mercury one
might see as a result of both emissions from a single source and impacts from other regional sources. 
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These estimates were used as inputs to the IEM-2M aquatic and terrestrial fate models at the hypothetical
western and eastern U.S. sites. 


In the third step of this risk assessment, IEM-2M was utilized to predict the different chemical
species of mercury and their concentrations in watershed soils, the water column and sediments of the
hypothetical lake, as well as in terrestrial and aquatic organisms.  Soil concentrations are used along with
vapor concentrations, deposition rates and biotransfer factors to estimate concentrations in various plants. 
These are used, in turn, along with other biotransfer factors to estimate concentrations in animals. 
Methylmercury (MHg) concentrations in fish are derived from dissolved MHg water concentrations
using bioaccumulation factors (BAF).  The BAF accounts for mercury accumulation in organisms that
comprise the food web.  The BAFs used in this analysis were calculated from existing field data. 


A significant input to the IEM-2M model was the estimate of existing mercury concentrations in
the environment.  To determine existing background concentrations in soil, water, and sediments, U.S.
EPA estimated current “background” atmospheric concentrations and deposition rates to the hypothetical
western and eastern sites.  Each site was then modeled using IEM-2M until equilibrium was achieved
with the specified atmospheric background conditions.  At both hypothetical sites, the fate of deposited
mercury was examined in three different settings:  rural (agricultural), lacustrine (around a water body),
and urban. 
The resulting predictions of mercury concentrations in soil, water, and biota were then used to evaluate
mercury exposures to humans and wildlife as described in Volumes IV and V of this Report.


Figure 3-2 illustrates the how the various fate models were integrated. 


Long-Range Transport Analysis


The long range transport modeling predicts the regional and national deposition of mercury
across the continental U.S.  Details of several studies which demonstrate the long range transport of
mercury are presented in Volume III.  In this analysis, the long range transport of mercury was modeled
using site-specific, anthropogenic emission source data (presented in Volume II of this Report) to
generate average annual atmospheric mercury concentrations and deposition values across the
continental U.S.  The Regional Lagrangian Model of Air Pollution (RELMAP) was the model selected 
for this analysis. 


From the RELMAP analysis and a review of field measurement studies, it is concluded that
mercury deposition appears to be ubiquitous across the continental U.S., and at, or above, detection
limits when measured with current analytic methods.  The southern Great Lakes and Ohio River Valley, 
the Northeast, and scattered areas in the South (particularly in the Miami and Tampa areas) are predicted
to have the highest annual rate of deposition of total mercury (above the levels predicted at the 90th
percentile).  Figure 3-3 illustrates the pattern of mercury deposition across the U.S.  This figure also
illustrates the boundaries of the RELMAP modeling domain.  Measured deposition data are limited, but
are available for certain geographic regions.  The data that are available corroborate the RELMAP
modeling predictions for specific areas.  These comparisons are discussed in detail in Volume III.


A wide range of mercury deposition rates is predicted across the continental U.S.  The highest
predicted rates (i.e., above 90th percentile) are about 20 times higher than the lowest predicted rates (i.e.,
below the 10th percentile).  


The three principal factors that contribute to these modeled and observed deposition patterns are:


�  the emission source locations;
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Figure 3-2
Fate, Transport and Expsoure Modeling Conducted in the Combined ISC3 and RELMAP Local Impact Analysis
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Figure 3-3
Total Simulated Wet + Dry Deposition of Mercury in All Forms


Units:  �g/m2
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� the amount of divalent and particulate mercury emitted or formed in the atmosphere; and 


� climate and meteorology. 


 A facility located in a humid climate is predicted to have a higher annual rate of mercury deposition than
a facility located in an arid climate.  


The critical variables within the model are:


� the estimated washout ratios of elemental and divalent mercury; and  


� the annual amount of precipitation.


Precipitation is important because it removes various forms of mercury from the atmosphere and
deposits them to the surface of the earth.


Mass Balances of Mercury within the Long-range Model Domain


The chemical form of emitted mercury is a critical factor in its fate, transport and toxicity in the
environment.  With the exception of hazardous waste incinerators, for which there are site-specific
speciated data, mercury emissions are reported as total mercury in all forms.  The form distributions, or
speciation factors, define the estimated fraction of mercury emitted as elemental mercury (Hg ), divalent0


mercury (Hg ), or mercury associated with particulates (Hg ).  These speciation factors were adopted2+
p


from Peterson et al.  with adjustments made to reflect the types of air pollution control equipment known5


to be installed at individual industrial plants.  There is considerable uncertainty about the speciation
factors for some industrial sources.  A wide variety of alternate speciation scenarios have been
investigated to measure the sensitivity of the RELMAP results to this uncertainty .  The results show6,7


that the total simulated wet and dry deposition of mercury to the continental U. S. is strongly and
positively correlated to the fraction of mercury emitted as Hg  and Hg  for all major source types.  The2+


p


speciation factors used in the RELMAP modeling for this Report are discussed in Volume III.  


The results of the RELMAP modeling using these assumed speciation factors are described
below. The general mass balance of elemental mercury gas, divalent mercury gas, and particle-bound
mercury from the RELMAP simulation results using specified speciation profiles are shown in Table 3-
3.  Using the meteorologic data from the year 1989, the mass balance shows a total of 141.8 metric tons
of mercury emitted to the atmosphere from anthropogenic sources.  (This simulated emission total differs
from the national totals indicated in Volume II since the states of Alaska and Hawaii are not within the
model domain.)  The simulation indicates that 47.6 metric tons of anthropogenic mercury emissions are
deposited within the model domain and 0.4 metric tons remain in the air within the model domain at the
end of the simulation.  The remainder, about 93.8 metric tons, is transported outside the model domain
and probably diffuses into the global atmospheric reservoir.  
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The simulation also indicates that 32.0 metric tons of mercury are deposited within the model
domain from this global atmospheric reservoir, suggesting that about three times as much mercury is
being added to the global reservoir from U.S. emissions as is being deposited from it.  The total amount
of mercury deposited in the model domain annually from U.S. anthropogenic emissions and from the
global background concentration is estimated to be 79.6 metric tons, of which approximately three-fifths
is emitted by anthropogenic sources in the lower 48 United States.


Of the total anthropogenic mercury mass deposited to the surface in the model domain, 77% is
estimated by the RELMAP to come from Hg  emissions, 21% from Hg  emissions and 2% from Hg2+ 0


P


emissions.  When the deposition of Hg  from the global background is considered in addition to0


anthropogenic sources in the lower 48 states, the species fractions of total deposition become 46% Hg ,2+


41% Hg  and 13% Hg .  The vast majority of mercury already in the global atmosphere is in the form of0
P


Hg  and, in general, the anthropogenic Hg  emissions do not greatly elevate the Hg  air concentration0 0 0


over the global background value.  Although Hg  is removed from the atmosphere very slowly, the global0


background reservoir is large and total deposition from it is significant.  It should be noted that dry
deposition of Hg  is thought to be significant only at very elevated concentrations and has not been0


included in the RELMAP simulations.  Wet deposition is the only major pathway for removal of Hg0


from the atmosphere.  This removal pathway simulated by the RELMAP involves oxidation of mercury
by ozone in an aqueous solution; thus, the Hg  that is extracted from the atmosphere by the modeled0


precipitation process would actually be deposited primarily in the form of Hg .2+


Table 3-3
Modeled Mercury Mass Budget in Metric Tons for 1994-1995
Using the Specified Speciation Profiles and 1989 Meteorology


Source/Fate Hg Hg Hg Total0a 2+b
p
c


Mercury


Total U.S. anthropogenic emissions 63.5 52.3 26.0 141.8
Mass advected from model domain 62.3 15.5 16.0 93.8
Dry deposited anthropogenic emissions 0.0 22.9 0.5 23.4
Wet deposited anthropogenic emissions 0.9 13.8 9.5 24.2
Remaining in air at end of simulation 0.4 <0.1 <0.1 0.4


Total deposited anthropogenic emissions 0.9 36.8 10.0 47.6
Deposited from background Hg 32.0 0.0 0.0 32.00


Mercury deposited from all sources 32.9 36.8 10.0 79.6


(All figures rounded to the nearest tenth of a metric ton)


 Hg   = Elemental Mercurya 0


 Hg  = Divalent Vapor-phase Mercuryb 2+


 Hg   = Particle-Bound/Mercuryc
p


Of the 63.5 metric tons of anthropogenic Hg  emitted in the lower 48 states, only 0.9 tons (1.4%)0


is deposited within the model domain, while of the 52.3 metric tons of Hg  emitted, about 36.8 tons2+


(70.4%) is deposited.  Ninety-eight percent of the deposited anthropogenic mercury was emitted in the
form of Hg  or Hg .  Thus, a strong argument can be made that the combined Hg  and Hg  component2+ 2+


P P


of anthropogenic mercury emissions can be used as an indicator of eventual deposition of those
emissions to the lower 48 states and surrounding areas.  The emission inventory and chemical/physical
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speciations profiles indicate that of all combined Hg  and Hg  emissions in 1994-1995, about 29% is2+
P


from electric utility boilers, 25% is from municipal waste combustion, 18% is from medical waste
incineration, 16% is from commercial and industrial boilers, and 12% is from all other modeled sources.


Limitations of the Long-Range Transport (RELMAP) Analysis


There are a number of uncertainties with the RELMAP analysis.  These have to do to a large
degree with the current state-of-the-science concerning atmospheric chemistry and speciation profiles of
mercury emissions.  Some of the most important limitations are listed below.


� Comprehensive emissions data for a number anthropogenic and natural sources are not
available.  This reflects the current developmental nature of emission speciation
methods, resulting in few data on the various species of mercury and proportions of
vapor and solid forms emitted.  Both elemental and divalent mercury species as well as
gaseous and particulate forms are known to be emitted from point and area sources.


� Atmospheric chemistry data are incomplete.  Some atmospheric reactions of mercury,
such as the oxidation of elemental mercury to divalent mercury in cloud water droplets
have been reported.  Other chemical reactions in the atmosphere that may reduce divalent
species to elemental mercury have not been reported.


� There is inadequate information on the atmospheric processes that affect wet and dry
deposition of mercury.  Atmospheric particulate forms and divalent species of mercury
are thought to wet and dry deposit more rapidly than elemental mercury; however, the
relative rates of deposition are uncertain. There is no validated air pollution model that
estimates wet and dry deposition of vapor-phase compounds close to the emission
source. In addition, there is uncertainty regarding the revolatilization of deposited
mercury.


Analysis of the Local Atmospheric Fate of Mercury


An analysis of the local atmospheric fate of mercury (within 50 km) released from anthropogenic
emission sources was undertaken using the ISC-3 model to estimate the impacts of mercury from
selected, individual source types. The ISC-3 model was slightly modified to correspond more closely to
the chemical properties of atmospheric mercury.  This analysis addressed atmospheric mercury emissions
from MWCs, coal- and oil-fired utility boilers, MWIs, and chlor-alkali plants. A model plant approach
was utilized to develop facilities which represent actual sources from these four categories. The model
plants were situated in hypothetical locations intended to simulate a site in either the western or eastern
U.S. 


The ISC-3 model was used in conjunction with the results from the RELMAP regional scale
modeling in order to estimate the air concentrations and deposition rates for each hypothetical facility in
each site.  Once emitted from a source, mercury may be deposited to the ground via two main processes:
wet and dry deposition.  Wet deposition refers to the mass transfer of dissolved gaseous or suspended
particulate mercury species from the atmosphere to the earth's surface by precipitation, while dry
deposition refers to such mass transfer in the absence of precipitation. 
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The model parameters exerting the most influence on the deposition rates are these:


� total mercury emission rate (grams/second);
� assumptions regarding speciation of the total mercury;
� vapor/particle phase partition estimate;
� stack height for the plant; and
� exit gas velocity.


Combined Results of Local and Regional Scale Analyses


The results of the local scale ISC-3 modeling and the regional scale RELMAP modeling were
combined to predict air concentrations and deposition rates for each hypothetical facility in each site. 
The predicted air concentrations are typically dominated by the regional values, even for the watersheds
relatively close to the facility.  In general, the predicted average air concentrations are quite low.  The
only source class for which significantly elevated air concentrations are predicted is the chlor-alkali
facility.  This is due to a very low stack height coupled with a high assumed mercury emission rate.  The
low stack height results in predicted plumes that are close to the receptors considered, and so there is less
dispersion of the plume compared to the other facilities.  


In contrast to the predicted air concentrations, the annual deposition rates are cumulative; they
represent the sum of any deposition that occurs during the year, and hence are not affected by long
periods of little deposition.  Further, the ISC3 model predicts that significant deposition events occur
infrequently, and it is these relatively rare events that are responsible for the majority of the annual
deposition rate.  The percentage of mercury deposited within 50 km depends on two main factors:
facility characteristics that influence effective stack height (stack height plus plume rise) and the fraction
of mercury emissions that is divalent mercury.  In most cases, the effective stack height affects only the
air concentrations, and hence dry deposition.


For any site with appreciable precipitation, wet deposition can dominate the total deposition for
receptors close to the source.  Single wet deposition events can deposit 300 times more Hg than a high
dry deposition event.  These events are even rarer than significant dry deposition events because not only
must the wind direction be within a few degrees of the receptor's direction, but precipitation must be
occurring as well.  The predicted dry deposition rates depend ultimately on the predicted air
concentrations.  For this reason, dry deposition accounts for most of the total deposition for the facility
with the highest predicted air concentrations, the chlor-alkali plant.


In general, 7-45% of the total mercury emitted is predicted to deposit within 50 km at the eastern
site in flat terrain, while 2-38% is predicted to deposit at the western site.  (The ranges represent values
from the different sources considered.)  This implies that at least 55% of the total mercury emissions is
transported more than 50 km from any of the sources considered, and is consistent with the RELMAP
results that predict that mercury may be transported across considerable distances. 


The differences between the results for the eastern and western sites are due primarily to the
differences in the frequency and intensity of precipitation.  At the eastern site, precipitation occurs about
12 % of the year, with about 5% of this precipitation of moderate intensity (0.11 to 0.30 in/hr).  By
comparison, at the western site, precipitation occurs about 3% of the year, with about 2% of the
precipitation of moderate intensity.
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Assessment of Watershed Fate


The atmospheric mercury concentrations and deposition rates estimated using the RELMAP and
ISC3 were then used as inputs in the watershed model, IEM-2M, to derive calculations of mercury in
watershed soils and surface waters.  The soil and water concentrations, in turn, drive calculations of
concentrations in the associated biota and fish, which humans and other animals are assumed to
consume. 


IEM-2M is composed of two integrated modules that simulate mercury fate using mass balance
equations describing watershed soils and a shallow lake.  The mass balances are performed for each
mercury component, with internal transformation rates linking Hg , Hg , and MeHg.  Sources include0 2+


wetfall and dryfall loadings of each component to watershed soils and to the water body.  An additional
source is diffusion of atmospheric Hg  vapor to watershed soils and the water body.  Sinks include0


leaching of each component from watershed soils, burial of each component from lake sediments,
volatilization of Hg  and MeHg from the soil and water column, and advection of each component out of0


the lake.


The nature of this methodology is basically steady with respect to time and homogeneous with
respect to space.  While it tracks the buildup of soil and water concentrations over the years given a
steady depositional load and long-term average hydrological behavior, it does not respond to unsteady
loading or meteorological events.  There are, thus, limitations on the analysis and interpretations imposed
by these simplifications.  The model's calculations of average water body concentrations are less reliable
for unsteady environments, such as streams, than for more steady environments, such as lakes.


The BAFs were used to estimate fish methylmercury concentrations based on measured
concentrations of dissolved methylmercury in the water column. The distribution of the BAFs (Appendix
D, Vol. III) was designed to estimate an average concentration of methylmercury in fish of a given
trophic level from an average concentration of dissolved methylmercury in the epilimnion for a (single)
randomly-selected lake in the continental U.S. The large amount of variability evidenced by the data and
reflected in the output distributions arises from several sources, which were not quantified. Much of this
variability depends on fish age, model uncertainty, and possibly the use of unrepresentative water
column methylmercury measurements in the calculation of the BAFs.


Results of the Watershed Fate and Transport Analysis


For all facilities the contribution of the local source decreases as the distance from the facility
increases.  With the exception of the chlor-alkali plant, the facilities are generally predicted to contribute
less than 50% to the total watershed soil concentration, with RELMAP (representing the regional
anthropogenic sources) contributing up to 15% for the RELMAP 50th percentiles, and up to 60% for the
RELMAP 90th percentiles.  


The results for the MeHg water concentrations and trophic level 4 fish concentrations show a
slightly higher contribution from the local sources.  While the fractions are similar to those for watershed
soil since the watershed serves as a mercury source for the waterbody, these values are slightly higher
due to the direct deposition onto the waterbody.


The predicted fruit, leafy vegetable, and beef concentrations are generally dominated by the
background values.  For plants, this is because these products are assumed to take up most of the
mercury from the air, and the local source usually does not impact the local air concentrations
significantly.  The exception is the chlor-alkali plant, for which the low stack results in higher mercury







3-18


air concentrations.  The results for the beef concentrations are similar; however, there is a slightly higher
contribution from the local source because the cattle are exposed through the ingestion of soil.


IEM-2M Model Sensitivity


For a specific atmospheric deposition rate, mercury concentrations in watersheds and water
bodies can vary significantly.  Several intrinsic and extrinsic watershed and water body characteristics
influence the mercury concentrations in soil, water, and fish.  These should cause significant variability
in mercury concentrations between regions and among individual lakes within a region.


Mercury concentrations in watershed soils are strongly influenced by atmospheric loading and
soil loss processes.  The influence of plant canopy and roots in mediating both the loading to the soil and
the loss from the soil is not well characterized at present, although published studies indicate its potential
importance.   Reduction of HgII in the upper soil layer appears to control the volatile loss of mercury,
and variations in this reaction can cause significant variations in soil mercury levels.  The factors
controlling mercury reduction are not well characterized at present.  Soil erosion from a watershed can
vary more than 3 orders of magnitude depending on rainfall patterns, soil type, topography, and plant
cover.  High levels of soil erosion should significantly diminish soil mercury concentrations.  Runoff and
leaching are not expected to affect soil mercury concentrations significantly.


Total mercury concentrations in a water body are strongly influenced by atmospheric loading
and, for drainage lakes, by watershed loading.  Variations in watershed size and erosion rates can cause
significant variability in lake mercury levels.  Hydraulic residence time, the water body volume divided
by total flow, affects the maximum possible level of total water column mercury for a given loading rate. 
Parameters controlling mercury loss through volatilization and net settling can also cause significant
variations among lakes.  Mercury loss through settling is affected by in-situ productivity, by the supply
of solids from the watershed, and by the solids-water partition coefficient.  DOC concentrations can
significantly affect partitioning, and thus overall mercury levels. Mercury loss through volatilization is
controlled by the reduction rate, which is a function of sunlight and water clarity.  Reduction may also be
controlled by pH, with lower pH values inhibiting this reduction, leading to higher total mercury levels.
 


Fish mercury levels are strongly influenced by the same factors that control total mercury levels. 
In addition, fish concentrations are sensitive to methylation and demethylation in the water column and
sediments.  A set of water body characteristics appear to affect these reactions, including DOC, sediment
TOC, sunlight, and water clarity.  Variations in these properties can cause significant variations in fish
concentrations among lakes.  Other factors not examined here, such as anoxia and sulfate concentrations,
can stimulate methylation and lead to elevated fish concentrations.  Fish mercury levels are sensitive to
factors that promote methylmercury mobility from the sediments to the water column; these factors
include sediment DOC and sediment-pore water partition coefficients.


Limitations of the Local Scale and Watershed Analyses


There are limitations associated with the fate and transport analyses.  These have to do to a large
degree with the current state-of-the-science concerning mercury fate and transport in the terrestrial and
aquatic environments and variability between waterbodies.  Some of the most important limitations are
listed below.


� There is a lack of information characterizing the movement of mercury from watershed
soils to water bodies and the rates at which mercury converts from one chemical species
to another.  There appears to be a great deal of variability in these factors among
watersheds. 
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� There are not conclusive data on the amount of and rates of mercury methylation in
different types of water bodies.  In addition, there is a lack of data on the transfer of
mercury between environmental compartments and biologic compartments; for example,
the link between the amount of mercury in the water body and the levels in fish appears
to vary from water body to water body.


� There is a lack of adequate mercury measurement data near mercury sources. 
Measurement data are needed to assess how well the modeled data predict actual
mercury concentrations in different environmental media at a variety of geographic
locations.  Missing data include measured mercury deposition rates and measured
concentrations in the atmosphere, soils, water bodies and biota.


� The IEM-2M has not been validated with site-specific data.  The model was
benchmarked against the independently-derived R-MCM, which itself has been
calibrated to several Wisconsin lakes.  When driven by the same atmospheric loading
and solids concentrations, IEM-2M predictions of mercury concentrations compare well
with those calculated by R-MCM for a set of Wisconsin lakes. 


Conclusions Regarding Mercury Fate and Transport in the Environment


The uncertainty inherent in the modeled estimates arises from many individual assumptions
present within the three models. Because of these uncertainties, U.S. EPA interpreted the model results
qualitatively rather than quantitatively as follows.


The analysis of mercury fate and transport, in conjunction with available scientific knowledge,
supports a plausible link between mercury emissions from anthropogenic combustion and industrial
sources and mercury concentrations in air, soil, water and sediments.  The critical variables contributing
to this linkage are these:


� the species of mercury that are emitted from the sources, with Hg  mostly contributing to0


concentrations in ambient air and Hg  mostly contributing to concentrations in soil,2+


water and sediments;


� the overall amount of mercury emitted from a combustion source;


� the watershed soil loss rates, including reduction and erosion;


� the water body loss rates, including outflow, reduction, and settling; and


� the climate conditions.


In addition, the analysis of mercury fate and transport supports a plausible link between mercury
emissions from anthropogenic combustion and industrial sources and methylmercury concentrations in
freshwater fish.  The critical variables contributing to this linkage are the following:


� the species of mercury that are emitted, with emitted divalent mercury mostly depositing
into local watershed areas and, to a lesser extent the atmospheric conversion of elemental
mercury to divalent species which are deposited over greater distances;


� the overall amount of mercury emitted from a source;


� the watershed soil loss rates, including reduction and erosion;
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� the water body loss rates, including outflow, reduction, and settling;


� the extent of mercury methylation in the water body;


� the extent of food web bioaccumulation in the water body; and


� the climate conditions.


From the analysis of deposition and on a comparative basis, the deposition of Hg  close to an2+


emission source is greater for receptors in elevated terrain (i.e., terrain above the elevation of the stack
base) than from receptors located in flat terrain (i.e., terrain below the elevation of the stack base).  The
critical variables are parameters that influence the plume height, primarily the stack height and stack exit
gas velocity.


On a national scale, an apportionment between sources of mercury and mercury in environmental
media and biota cannot be described in quantitative terms with the current scientific understanding of the
environmental fate and transport of this pollutant.  


Assessment of Exposure 


The exposure Volume consists of two parts; the first examines exposures predicted to result from
the emitted mercury, and the second estimates exposures that result from seafood consumption.  The first
part of the exposure assessment draws upon the modeling analyses described above which assessed the
long range transport of mercury from emission sources through the atmosphere, the transport of mercury
from emission sources through the local atmosphere, and the aquatic and terrestrial fate and transport of
mercury at hypothetical sites.  The exposure assessment used the results of the atmospheric, terrestrial
and aquatic models to estimate the resulting exposures to humans and animals that were assumed to
inhabit the hypothetical sites explained above.  In the second part of the exposure Volume, exposure to
mercury from seafood was estimated using various dietary surveys and measurements of mercury
concentrations in seafood.


The exposure assessment, which was based on environmental fate and exposure modeling,
addressed atmospheric mercury emissions from the four sources described earlier; MWCs, MWIs, utility
boilers and chlor-alkali plants.  It did not address all anthropogenic emission sources.  In addition,
anthropogenic discharges of mercury to waterbodies were not addressed.


Human Exposure


The following human exposure routes were included:  inhalation, consumption of water,
consumption of fish, beef, beef liver, cow’s milk, poultry, chicken eggs, pork, lamb, green plants (e.g.,
leafy vegetables, potatoes, fruits, grains and cereals) and ingestion of soil.  Dermal exposures that
resulted from contact with soil and water, as well as exposure through inhalation of resuspended dust
particles and exposure through the consumption of human breast milk were not evaluated.  The only
exposure route considered for wildlife was the consumption of freshwater fish.


Consumption of fish is the dominant pathway of exposure to methylmercury for fish-consuming
humans and wildlife.  There is a great deal of variability among individuals in these populations with
respect to food sources and fish consumption rates.  As a result, there is a great deal of variability in
exposure to methylmercury in these populations.  The anthropogenic contribution to the total amount of
methylmercury in fish is predicted to be, in part, the result of anthropogenic mercury releases from
industrial and combustion sources increasing mercury body burdens in fish.  Existing background
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mercury concentrations are also predicted to contribute to methylmercury concentrations in fish.  As a
consequence of human and wildlife consumption of the affected fish, there is an incremental increase in
exposure to methylmercury.  Due to differences in fish consumption rates per body weight and
differences in body weights among species, it is likely that piscivorous birds and mammals have much
higher environmental exposures to methylmercury than humans through the consumption of
contaminated fish.  This is true even in the case of fish consumption by humans who consume above
average amounts of fish.  The critical variables contributing to these outcomes are these:


� the fish consumption rate;
� the body weight of the individual in relation to the fish consumption rate; and
� the rate of biomagnification between trophic levels within the aquatic food-chain. 


A current assessment of U.S. general population methylmercury exposure through the
consumption of fish is provided in Chapter 4 of Volume IV.  This assessment was conducted to provide
an estimate of mercury exposure through the consumption of fish to the general U.S. population.  It is a
national assessment rather than a site-specific assessment. This assessment utilizes data from the
Continuing Surveys of Food Intake by Individuals (CSFII 89-91, CSFII 1994, CSFII 1995) and the third
National Health and Nutrition Examination Survey (NHANES III) to estimate a range of fish
consumption rates among U.S. fish and shellfish eaters.  Per capita, per user (only individuals who
reported fish consumption during the survey period) based on a single-day’s intake, and month-long per
user were considered.  The month-long per user projections reflect the combined frequency distributions
of NHANES III frequency of fish/shellfish consumption data and single day’s data for per user
consumption patterns.   For each fish-eater, the number of fish meals, the quantities and species of fish
consumed and the self-reported body weights were used to estimate mercury exposure on a body weight
basis.  The constitution of the survey population was weighted to reflect the actual U.S. population. 
Results of smaller surveys on �high-end� fish consumers are also included.


These estimates of fish consumption rates were combined with species-specific mean values for
measured methylmercury concentrations.  The marine fish methylmercury concentration data were
obtained from the National Marine Fisheries Service Database.  The freshwater fish methylmercury
concentration data were obtained from  Bahnick et al., (1994) and Lowe et al., (1985).  Through the
application of specific fish preparation factors (USDA, 1995), estimates of the range of methylmercury
exposure from the consumption of fresh water fish were prepared for the fish-consuming segment of the
U.S. population.  Per body weight estimates of methylmercury exposure were determined by dividing the
total daily methylmercury exposure from this pathway by the self-reported body weights of individuals
in the USDA surveys and recorded body weights in the third NHANES data.  The species of
fish/shellfish consumed by children were identified from the 24-hour recalls on children in the USDA
surveys and in the third NHANES.. The results of this analysis show that on a per kilogram body weight
basis children have higher average exposure rates to methylmercury through the consumption of fish
than adults.  The higher exposures to children are considered biologically meaningful because month-
long mercury exposures considerably in excess of the RfD are observed among some children.  At the
RfD or below, exposures are expected to be safe.  The risk following exposures above the RfD is
uncertain, but risk increases as exposures to methylmercury increase.


Wildlife Exposure


In terms of predicted methylmercury intake on a per body weight basis, the six wildlife species
considered in this analysis can be ranked from high to low as follows:


� Kingfisher
� River Otter
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� Loon, Mink, Osprey
� Bald Eagle


Methylmercury exposures for the most exposed wildlife species (the kingfisher) may be up to two orders
of magnitude higher than human exposures from contaminated freshwater fish (on a kilogram fish
consumed per body weight basis).  This assumes that the fish within different tropic levels of a given
lake are contaminated with the same concentrations of methylmercury.


Human Health Effects of Methylmercury


Data in both humans and experimental animals show that all three forms of mercury evaluated in
this Report (elemental, inorganic and methylmercury) can produce adverse health effects at sufficiently
high doses.  Human exposure to elemental mercury occurs in some occupations, and exposure to
inorganic mercury can arise from mercury amalgams used in dental restorative materials (U.S. PHS,
Environmental Health Policy Committee, 1995).  People, however, are primarily exposed to
methylmercury in fish.  The focus of this assessment, therefore, is on methylmercury, which can produce
a variety of adverse effects, depending on the dose and time of exposure.


Individual risk assessors for specific organizations may apply risk assessment differently. 
Identification of subpopulations of concern is one of the decisions in the risk assessment process. 
Because methylmercury is a neurotoxin (particularly to the developing nervous system), the fetus and
young child are of particular interest.  More than one approach to selection of the population at risk of
adverse effect is feasible.  The RfD of 0.1 µg/kg bw/day was based on neurotoxic effects of
methylmercury to the developing nervous system.  Because nervous system development continues into
postnatal life the young child may also be a subpopulation of interest.  If children are judged to be a
subpopulation of concern, specific age-groups within this subpopulation may be judged to be of greater
interest; e.g., birth through 4 years of age.  Alternatively other risk assessors may prefer to consider all
children (e.g., birth through 14 years of age) as a group when evaluating risk to children.


 Methylmercury-induced neurotoxicity is the effect of greatest concern when exposure occurs to
the developing fetus.  The RfD is a dose of methylmercury that is protective of the developing fetal
nervous system.  Post-natal brain development continues well into childhood.  Methylmercury exposure
adversely affects a number of cellular events in the developing brain both in utero and post-natally.  The
post-natal age when development of various regions of the brain is completed varies, but development of
many functions continues through the first four to six years of life.  The RfD of 0.1 ug/kg-bw/day
(protective of fetal brain development) is anticipated to be protective of brain development in the young
child. 
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Toxicokinetics of Mercury


The toxicokinetics (i.e., absorption, distribution, metabolism, and excretion) of mercury is highly
dependent on the form of mercury to which a receptor has been exposed.


The absorption of elemental mercury vapor occurs rapidly through the lungs, but it is poorly
absorbed from the gastrointestinal tract.  Once absorbed, elemental mercury is readily distributed throughout
the body; it crosses both placental and blood-brain barriers.  The distribution of absorbed elemental mercury
is limited primarily by the oxidation of elemental mercury to the mercuric ion as the mercuric ion has a
limited ability to cross the placental and blood-brain barriers.  Once elemental mercury crosses these barriers
and is oxidized to the mercuric ion, return to the general circulation is impeded, and mercury can be retained
in brain tissue.  Elemental mercury is eliminated from the body via urine, feces, exhaled air, sweat, and
saliva.  The pattern of excretion changes depending upon the extent the elemental mercury has been oxidized
to mercuric mercury.


Absorption of inorganic mercury through the gastrointestinal tract varies with the particular
mercuric salt involved; absorption decreases with decreasing solubility.  Estimates of the percentage of
inorganic mercury that is absorbed vary; as much as 20% may be absorbed.  Inorganic mercury has a reduced
capacity for penetrating the blood-brain or placental barriers.  There is some evidence indicating that
mercuric mercury in the body following oral exposures can be reduced to elemental mercury and excreted via
exhaled air.  Because of the relatively poor absorption of orally administered inorganic mercury, the majority
of the ingested dose in humans is excreted through the feces.


Methylmercury is rapidly and extensively absorbed through the gastrointestinal tract.  Absorption
information following inhalation exposures is limited.  This form of mercury is distributed throughout the
body and easily penetrates the blood-brain and placental barriers in humans and animals.  Methylmercury in
the body is considered to be relatively stable and is only slowly demethylated to form mercuric mercury in
rats.  It is hypothesized that methylmercury metabolism may be related to a latent or silent period observed in
epidemiological studies observed as a delay in the onset of specific adverse effects.  Methylmercury has a
relatively long biological half-life in humans; estimates range from 44 to 80 days.  Excretion occurs via the
feces, breast milk, and urine.


The most common biological samples analyzed for mercury are blood, urine and scalp hair.  The
methods most frequently used to determine the mercury levels in these sample types include atomic
absorption spectrometry, neutron activation analysis, X-ray fluorescence and gas chromatography.


Two major epidemics of methylmercury poisoning through fish consumption have occurred. 
The best known of these two epidemics occurred among people and wildlife living near Minamata City
on the shores of Minamata Bay, Kyushu, Japan.  The source of methylmercury was a chemical factory
that used mercury as a catalyst.  A series of chemical analyses identified methylmercury in the factory
waste sludge, which was drained into Minamata Bay.  Once present in Minamata Bay, the
methylmercury accumulated in the tissue of shellfish and fish that were subsequently consumed by
wildlife and humans.  Fish was a routine part of the diet in these populations.  An average fish
consumption was reported to be in excess of 300 g/day (reviewed by Harada et al., 1995); this is a far
greater level of fish consumption than is typical for the general U.S. population.  For the general U.S.
population, the average fish consumption level is between 8 and 10 g/day (based on month-long data in
NHANES III).
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 The first poisoning case occurred in 1956 in a six year old girl who came to a hospital
complaining of symptoms characteristic of nervous system damage.  Symptoms of Minamata disease in
children and adults included the following:


� Impairment of the peripheral vision;
� disturbances in sensations ("pins and needles" feelings, numbness) usually in the hands


and feet and sometimes around the mouth;
� incoordination of movements as in writing; 
� impairment of speech; 
� impairment of hearing; 
� impairment of walking; and 
� mental disturbances.


It frequently took several years before people were aware that they were developing the signs and
symptoms of methylmercury poisoning.


Over the next 20 years the number of people known to be affected with what became known as
Minamata disease increased to thousands.  In time the disease was recognized to result from
methylmercury poisoning, and fish were subsequently identified as the source of methylmercury.  As is
often the situation with epidemics, the first cases noted were severe.  Deaths occurred among both adults
and children.  It also was recognized that the nervous system damage could occur to the fetus if the
mother ate fish contaminated with high concentrations of methylmercury during pregnancy.  The nervous
system damage of severe methylmercury poisoning among infants was very similar to congenital
cerebral palsy.  In the fishing villages of this region the occurrence of congenital cerebral palsy due to
methylmercury was very high compared to the incidence for Japan in general.  At the height of the
epidemic, mercury concentrations in fish were between 10 and 30 ppm wet weight.  After the source of
mercury contamination was identified, efforts were made to reduce the release of mercury into the bay. 
After 1969, average mercury concentrations in fish had fallen below 0.5 ppm.


In 1965, an additional methylmercury poisoning outbreak occurred in the area of Niigata, Japan. 
As in Minamata, multiple chemical plant sources of the chemical were considered.  Scientific detective
work identified the source again to be a chemical factory releasing methylmercury into the Agano River. 
The signs and symptoms of disease in Niigata were those of methylmercury poisoning and strongly
similar to the disease in Minamata.


The abnormalities (or pathology) in the human brain that result from methylmercury poisoning
are well described.  There is an extremely high level of scientific certainty that methylmercury causes
these changes.  Similar pathology has been identified in other countries where methylmercury poisonings
have occurred.  Methylmercury contamination of other food products (including grains and pork
products) has resulted in severe methylmercury poisoning with pathological changes in the nervous
system and clinical disease virtually identical to Minamata disease.


Methylmercury poisoning occurred in Iraq following consumption of seed grain that had been
treated with a fungicide containing methylmercury.  The first outbreak occurred prior to 1960 and
resulted in severe human poisonings.  The second outbreak of methylmercury poisoning from grain
consumption 
occurred in the early 1970s.  Imported mercury�treated seed grains arrived after the planting season and
were subsequently used as grain to make into flour that was baked into bread.  Unlike the long�term
exposures in Japan, the epidemic of methylmercury poisoning in Iraq was short in duration, but the
magnitude of the exposure was high.  Because many of the people exposed to methylmercury in this way
lived in small villages in very rural areas (and some were nomads), the number of people exposed to
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these mercury�contaminated seed grains is not known.  The number of people admitted to the hospital
with symptoms of poisoning has been estimated to be approximately 6,500, with 459 fatalities reported.


As in the Japanese poisoning epidemics, the signs and symptoms of disease were predominantly
those of the nervous system:  difficulty with peripheral vision or blindness, sensory disturbances,
incoordination, impairment of walking, slurred speech and in some cases, death. Children were affected,
as well as adults.  Of great concern was the observation that infants, born of mothers who had consumed
the methylmercury�contaminated grain (particularly during the second trimester of pregnancy) could
show nervous system damage even though the mother was only slightly affected herself. 


Some Limitations of the Assessment


In both the Iraqi and Japanese epidemics, the levels of methylmercury consumed were much
higher than the levels currently reported in the U.S. food supply.  For example, in the Japanese epidemic,
mercury concentrations in fish were between 10 and 30 ppm.  Average concentrations in freshwater fish
in the U.S. are roughly 0.3 ppm.  The most frequently consumed marine species have mercury
concentrations less than 0.2 ppm.  While there are no data to indicate that methylmercury absorption is
affected by food type, it must be noted that one of the severe poisoning episodes was through a means
not expected to be prevalent in the U.S.; that is, the consumption of contaminated grain.


Health endpoints other than neurotoxicity were evaluated by U.S. EPA using established risk
assessment Guidelines.  Data for other endpoints than developmental neurotoxicity were limited. 
Methylmercury has been shown to cause tumors in mice at high doses that produce severe non-cancer
toxicity.  Low-dose exposures to methylmercury are not likely to cause cancer in humans.  Data on
effects related to mutation formation (changes in DNA) indicate that methylmercury could increase
frequencies of mutation in human eggs and sperm.  These data were not sufficient, however, to permit
estimation of the amount of methylmercury that would cause a measurable mutagenic effect in a human
population.


How Much Methylmercury is Harmful to Humans?


Information on the amount of methylmercury exposure producing particular combinations of
signs and symptoms in people has been analyzed to yield what are called quantitative dose�response
assessments.  Both the Japanese and Iraqi epidemics are important to understanding how methyl-mercury
from food produces neurological disease in humans.  In the epidemics in Minamata and Niigata, the
exposures were long�term, and the tissues of fish and shellfish were the sources of methylmercury
exposure.  This establishes with highest scientific confidence that methylmercury in fish can produce
human disease.  A limitation to these data is that many patients were severely affected.  The extent of
methylmercury poisoning was so severe that finding subtle indications of disease is difficult.  Subtle
indicators of poisoning are important for estimating the level of exposure that will not cause adverse
effects.  The U.S. EPA calculates one such estimate, called a reference dose or RfD (see the box �What Is
a Reference Dose?�).


U.S. EPA has on two occasions published RfDs for methylmercury which have represented the
Agency consensus for that time.  These are discussed at length in Volume IV, and the uncertainties and
limitations are described in Volume VI.  At the time of the generation of the Mercury Study Report to
Congress, it became apparent that considerable new data on the health effect of methylmercury in
humans were emerging.  Among these are large studies of fish or fish and marine mammal consuming
populations in the Seychelles and Faroes Islands.  Smaller scale studies are in progress which describe
effects in populations around the U.S. Great Lakes.  In addition, there are new evaluations, including
novel statistical approaches and application of physiologically-based pharmacokinetic models to
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published work.  The U.S. EPA has been advised by scientific reviewers to employ this RfD for this
analysis.  Because of various limitations and uncertainties in the Iraqi data set, the U.S. EPA and other
federal agencies intend to participate in an interagency review of all the human data on methylmercury,
including the more comprehensive studies from the Seychelles and Faroe Islands.  The purpose of this
review is to reduce the level of uncertainty attending current estimates of the level of exposure to
mercury associated with subtle neurological endpoints.  After this process, the U.S. EPA will re-assess
its RfD for methylmercury to determine if change is warranted.


The current U.S. EPA RfD for methylmercury was based on data on neurologic changes in 81
Iraqi children who had been exposed in utero:  their mothers had eaten methylmercury-contaminated
bread during pregnancy.  The data were collected by interviewing the mothers of the children and by
clinical examination by pediatric neurologists approximately 30 months after the poisoning episode.  The
incidence of several endpoints (including late walking, late talking, seizures or delayed mental
development, and scores on clinical tests of nervous system function) were mathematically modeled by
U.S. EPA to determine a mercury level in hair (measured in all the mothers in the study) which was
associated with no adverse effects.  These effects were delays in motor and language development
defined by the following:


� Inability to walk two steps without support by two years of age;


� inability to respond to simple verbal communication by age 2 years among children with
good hearing;


� scores on physical examination by a neurologist that assessed cranial nerve signs,
speech, involuntary movements, limb tone, strength, deep tendon reflexes, plantar
responses, coordination, dexterity, primitive reflexes, sensation, posture, and ability to
sit, stand, walk, and run; and


� assessment of mental development or the presence of seizures based on interviews with
the child's mother.


In calculating the mercury level in hair which was associated with no adverse effects, the U.S.
EPA chose a benchmark dose approach based on modeling of all effects in children.  The benchmark
dose is the intake of methylmercury associated with the lower bound (that is the lower limit) on a 95
percent confidence interval of a dose producing a 10 percent prevalence of adverse effects.  The 95
percent confidence interval indicates there is a 5 percent likelihood that the effect reported was due to
chance alone.  The effects used as end-point of adverse neurological effects included delayed walking,
delayed talking, and abnormal neurological scores (see p. 3-38 for details). This lower bound was 11
ppm hair concentration for methylmercury.  A dose�conversion equation was used to estimate a daily
intake of 1.1 µg methylmercury/kg body weight/day that when ingested by a 60 kg individual will
maintain a blood concentration of approximately 44 µg/L of blood or a hair concentration of 11 µg
mercury/gram hair (11 ppm).  Mothers with hair concentrations below that associated with the RfD (1 ug
Hg/g hair) are unlikely to experience adverse effects.


    Data on the behavior of mercury in the human body were used to estimate the amount of
mercury ingested per day at this no adverse effect level.  Due to variability in the way individuals
process methylmercury in the body and the lack of data on observed adult male and female reproductive
effects, an uncertainty factor of 10 was used to derive the RfD from the benchmark dose.  The RfD for
methylmercury was determined to be 1x10  mg/kg�day; that is a person could consume 0.1 µg�4


methylmercury for every kg of his/her body weight every day for a lifetime without anticipation of risk
of 
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What Is A Reference Dose?


A reference dose or RfD is defined in the following way by U.S. EPA:  an estimate (with
uncertainty spanning perhaps an order of magnitude) of a daily exposure to the human population (including
sensitive subgroups) that is likely to be without an appreciable risk of deleterious effects during a lifetime. 
RfDs are reviewed by Agency scientists for accuracy, appropriate use of risk assessment methodology,
appropriate use of data and other scientific issues.  When consensus has been reached by the workgroup,
information on the RfD is made available to the public through a U.S. EPA database; namely, the Integrated
Risk Information System (IRIS).


The RfD is based on the best available data that indicate a "critical effect"; this is generally the first
indicator or most subtle indicator of an adverse effect in the species under study.  In calculating RfDs U.S.
EPA generally uses a no observed adverse effect level (NOAEL).  This is found from either inspection or
modeling of dose-response data on the critical effect.  It is a means of estimating the threshold for effect in
the reported study.  The NOAEL is most useful when it is from a study in which a determination of the
lowest observed adverse effect level (LOAEL) can also be done.  The LOAEL is the lowest tested dose at
which the critical effect was seen in the species under study.


In calculating the RfD the U.S. EPA divides the NOAEL or LOAEL by a series of uncertainty and
modifying factors in order to extrapolate to the general human population.  The uncertainty factors (which
may be as much as 10 each) are for the following areas:  extrapolation of data to sensitive human
subpopulations; extrapolation from animal data to conclusions for humans; lack of chronic data; lack of
certain other critical data; and use of a LOAEL in the absence of a NOAEL.


The RfD is used for risk assessment judgments dealing with evaluations of general systemic
toxicity.  It is intended to account for sensitive (but not hypersensitive) members of the human population;
the rationale is that if exposure to the RfD is likely to be without appreciable risk for sensitive members of
the population, then it is without appreciable risk for all members of the population.  The RfD is generally
applicable to men and women and to adults, to children and to the aged, unless data support the calculation of
separate RfDs for these groups.


The RfD is a quantitative estimate of levels expected to be without effect even if exposure persists
over a lifetime.  It is not intended to be compared with isolated or one time exposures.  Exceedance of the
RfD does not mean that risk will be present.  Acceptability of uncertain risks is a risk management decision. 
Risk management decisions may consider the RfD but will take into account exposures, other risk factors and
non-risk factors as well.  At the RfD or below, exposures are expected to be safe.  The risk following
exposures above the RfD is uncertain, but risk increases with increasing exposures.


adverse effect.  The RfD is a daily ingestion level anticipated to be without adverse effect to persons,
including sensitive subpopulations, over a lifetime.  The RfD may be considered the midpoint in an
estimated range of about an order of magnitude.  This range reflects variability and uncertainty in the
estimate.  At the RfD or below, exposures are expected to be safe.  The risk following exposures above
the RfD is uncertain but risk increases with increasing exposure.


The RfD is a risk assessment tool, not a risk management decision.  Judgments as to a "safe"
dose and exposure represent decisions that involve risk management components.
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Limitations and Uncertainties in the Assessment


The range of uncertainty in the RfD and the factors contributing to this range were evaluated in
qualitative and quantitative uncertainty analyses.  The uncertainty analyses indicated that paresthesia
(numbness or tingling) in the hands and feet, and occasionally around the mouth, in adults is not the most
reliable endpoint for dose�response assessment because it is subject to the patient's recognition of the
effect.  Paresthesia in adults is no longer the basis for U.S. EPA's methylmercury RfD as it was in the
mid-1980s.  There are, however, uncertainties remaining on the current RfD based on developmental
effects from methylmercury in children exposed in utero.  There are difficulties with reliability in
recording and classifying events like late walking in children, especially as the data were collected
approximately 30 months after the child's birth.  It should be noted, however, that the endpoints used
represented substantial developmental delays; for example, a child's inability to walk two steps without
support at two years of age, inability to talk based on use of two or three meaningful words by 24
months, or presence of generalized convulsive seizures.  There is uncertainty in the physiologic factors
which were used in estimating the ingested mercury dose.  There is also a degree of uncertainty
introduced by the size of the study population (81 mother-child pairs).


The RfD is supported by investigations of laboratory animals under controlled exposures to
methylmercury.  Data from experimental animals (including primates with long-term exposures to
methylmercury) show methylmercury-induced nervous system damage, particularly on the visual system,
although the animals appeared clinically normal.  The endpoints described in the animal literature are
important and these have been induced by dosing protocols that are relevant to human exposures.  In
experiments using nonhuman primates, sensory (visual, somatosensory, auditory), cognitive (learning
under concurrent schedules, recognition of faces), social play, and schedule-controlled operant behavior
are all identified as having been adverse affected by methylmercury.  The sensory, cognitive, and motor
deficits appear reliably over a consistent range of doses in nonhuman primates exposed to
methylmercury during development.  Subtle, but important deficits, appear in several functional
domains.  These are identifiable signs of methylmercury effects when appropriate testing conditions are
applied.  


The RfD is supported by additional studies in children exposed in utero.  These include
investigations among Cree Indians in Canada and New Zealanders consuming large amounts of fish.  In
these studies the hair concentration of mercury is used to monitor mercury exposure over time. 
Conclusions by the investigators in their official reports cite developmental delays among the children
born of mothers whose hair mercury concentrations during pregnancy were 6 to 18 µg/g, consistent with
the benchmark dose of 11 µg/g.


Currently a number of research studies are underway that further address the question of what
exposures to methylmercury in fish are associated with neurological disease.  These studies include more
subjects than did the Iraqi study, are prospective in design, and utilize endpoints that are anticipated to be
more sensitive than the clinical signs and symptoms of methylmercury poisoning observed in Iraq. 
These studies of developmental effects of mercury exposure secondary to fish and shellfish consumption,
rather than poisoning, are conducted in the Seychelles Islands in the Indian Ocean (sponsored, in part by
the Department of Health and Human Services), the Faroe Islands in the North Atlantic Ocean
(sponsored, in part, by the United States Environmental Protection Agency and by the United States
Department of Health and Human Services), and in the United States; this last study is sponsored by the
Agency for Toxic Substances and Disease Registry (ATSDR).  


Data from both the Seychelle Islands cohort and the Faroe Islands cohort have been published
during 1996 and 1997.  These data should be useful in decreasing the uncertainty surrounding both the
benchmark dose and the RfD, however, statistical analyses for purposes of risk assessment have been
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recommended by the U.S. EPA’s Science Advisory Board.  In addition to these two major prospective
investigations, additional studies evaluating the effect of methylmercury exposures from fish and
shellfish in human subjects from other geographic areas are anticipated to be published in the peer-
reviewed literature within the period 1997/1998.  The U.S. FDA has determined that revisions of its
action level for mercury concentrations of fish in interstate commerce should wait until the new studies
have reduced the level of uncertainty.  The availability of results from the above studies will likewise
enable U.S. EPA to re-examine and adjust its RfD as needed.


Levels of Methylmercury Exposure Addressed by the U.S. Food and Drug Administration, World
Health Organization and State Recommendations


The U.S. EPA RfD is a daily intake level and is a risk assessment tool; the use of the RfD is not
limited to fish.  The discussion that follows covers risk assessment and risk management activities
concerning fish.  These consider fish consumption patterns and risk management policy factors. 


There are numerous local and state warnings in the U.S. to limit intake of fish because of
chemical contamination.  Warnings are issued because of a number of contaminants.  Methylmercury is
most often included as one of the contaminants that form the basis for the warning.  Often these warnings
are issued based on local conditions.


Recommended limits on methylmercury exposure have been expressed in these units:  �g/kg
body weight/day; concentrations of mercury in tissues such as blood, hair, feathers, liver, kidney, brain,
etc.; grams of fish per day; number of fish meals per time interval (e.g., per week). Reference values for
mercury concentrations (expressed as total mercury) in biological materials commonly used to indicate
human exposures to mercury were published by the WHO/IPCS (1990).  The mean concentration of
mercury in whole blood is approximately 8 �g/L, in hair about 2 �g/g, and in urine approximately 4
�g/L.  Wide variation occurs about these values (WHO/IPCS, 1990).


A number of different estimates exist for hair mercury levels that are associated with low risks of
neurological endpoints such as paresthesia.  These estimates are sensitive to variables such as the
half�life of mercury in the body (time to eliminate half the dose of mercury).  Half-life is usually
estimated as an average of 70 days, with extremes of about 35 to just over 200 days reported for different
individuals.  The half�life of mercury in pregnant women has not been directly measured.  The half�life
of mercury in women during lactation is shorter, possibly due to excretion of mercury into milk produced
during lactation.


Cross-comparison of World Health Organization (WHO) recommendations regarding risk
associated with hair mercury concentrations is facilitated by data reported by the WHO on mercury
concentrations in 559 samples of human head hair from 32 locations in 13 countries.  The WHO report
found that mercury concentrations in hair increased with increasing frequency of fish consumption (see
Table 3-4).
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Table 3-4
WHO Data on Mercury in Hair


Fish Consumption Frequency Average Mercury Concentration in
Hair (�g mercury per g of hair)


No unusual mercury exposure 2


Less than one fish meal per month 1.4 (range 0.1 to 6.2)


Fish meals twice a month 1.9 (range 0.2 to 9.2)


One fish meal a week 2.5 (range 0.2 to 16.2)


One fish meal each day 11.6 (range 3.6 to 24.0)


The World Health Organization's International Programme for Chemical Safety (WHO/IPCS)
provided estimates of risk of neurological effects from methylmercury exposures for adults and fetuses. 
Adult effects occur at higher exposures to methylmercury than do fetal effects.  WHO/IPCS concluded
that the general population of adults (males and non-pregnant females) does not face a significant health
risk from methylmercury when hair mercury concentrations are under 50 µg mercury/gram hair.  In
recent evaluations of the Niigata epidemic of Minamata disease, study authors reported lower thresholds
with mean values in the range of 25 to approximately 50 µg mercury/gram hair.


Clinical observations in Iraq suggest that women during pregnancy are more sensitive to the
effects of methylmercury because of risk of neurological damage to the fetus.  The WHO/IPCS (1990)
analyzed the Iraqi data and identified a 30 percent risk to the infant of abnormal neurological signs when
maternal hair mercury concentrations were over 70 µg/g.  Using an additional statistical analysis,
WHO/IPCS estimated a 5 percent risk of neurological disorder in the infant when the maternal hair
concentration was 10 to 20 µg mercury/gram of hair.  The recommendations of WHO/IPCS are based on
clinically observable neurological changes as the indicator of effect.  U. S. EPA’s benchmark dose is
associated with a hair mercury concentration of 11 µg/g hair and clinically observable endpoints in the
child following in utero methylmercury exposures to the mother.  The RfD is one-tenth the benchmark
dose because U.S. EPA applied an uncertainty factor of 10.  The U.S. EPA RfD is within an order of
magnitude of the dose described by WHO.


In addition to their recommendations on hair mercury concentrations WHO/IPCS recommended
that as a preventive measure, in a subpopulation that consumes large amounts of fish (for example, one
serving or 100 grams per day), hair levels for women of child�bearing age should be monitored for
methylmercury.


The WHO/IPCS estimated (1990) that a daily methylmercury intake of 0.48 µg mercury/kg body
weight will not cause any adverse effects to adults and that a methylmercury intake of 3 to 7 µg/kg body
weight/day would result in a <5 percent increase in the incidence of paresthesia in adults.  Risk to this
extent would be associated with hair mercury concentration of approximately 50 to 125 µg mercury per
gram hair.  By comparison, the U.S. EPA's reference dose, or the amount of methylmercury any person
(including children and pregnant women) can ingest every day without harm is 0.1 µg/kg body weight
per day.  This was based on a benchmark dose equal to 11 ppm (µg/g) hair.  Children are expected to
have a higher exposure to methylmercury (on a per kg body weight basis) than do adults.


In 1969, in response to the poisonings in Minamata Bay and Niigata, Japan, the U.S. FDA
proposed an administrative guideline of 0.5 ppm for mercury in fish and shellfish moving in interstate
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commerce.  This limit was converted to an action level in 1974 (Federal Register 39, 42738, December 6,
1974) and increased to 1.0 ppm in 1979 (Federal Register 44, 3990, January 19, 1979) in recognition that
exposure to mercury was less than originally considered.  In 1984, the 1.0 ppm action level was
converted from a mercury standard to one based on methylmercury (Federal Register 49, November 19,
1984).


FDA’s action level is based on consideration of the tolerable daily intake (TDI) for
methylmercury, as well as information on seafood consumption and associated exposure to
methylmercury.  The TDI is the amount of methylmercury that can be consumed daily over a long period
of time with a reasonable certainty of no harm to adults.  The neurological endpoint evaluated was
paresthesia (see WHO description above for more information).  U.S. FDA (and WHO) established a
TDI based on a weekly tolerance of 0.3 mg of total mercury per person, of which no more than 0.2 mg
should be present as methylmercury.  These amounts are equivalent to 5 and 3.3 µg, respectively, per
kilogram of body weight.  Using the values for methylmercury, this tolerable level would correspond to
approximately 230 µg/week for a 70 kg person or 33 µg/person/day.  The TDI was calculated from data
developed in part by Swedish studies of Japanese individuals poisoned in the episode of Niigata which
resulted from the consumption of contaminated fish and shellfish and the consideration of other studies
of fish-eating populations.


Based on observations from the poisoning event later in Iraq, U.S. FDA has acknowledged that
the fetus may be more sensitive than adults to the effects of mercury (Federal Register 44: 3990, January
19, 1979; Cordle and Tollefson, 1984, U.S. FDA Consumer, September, 1994).  In recognition of these
concerns, U.S. FDA has provided advice to pregnant women and women of child-bearing age to limit
their consumption of fish known to have high levels of mercury (U.S. FDA Consumer, 1994).  U.S. FDA
believes, however, that given existing patterns of fish consumption, few women (less than 1%) eating
such high mercury fish will experience slight reductions in the margin of safety. However, due to the
uncertainties associated with the Iraqi study, U.S. FDA has chosen not to use the Iraqi study as a basis
for revising its action level.  Instead, the U.S. FDA has chosen to wait for findings of prospective studies
of fish-eating populations in the Seychelles Islands and in the Faroes Islands.


Characterization of Risk to Human Populations


The characterization of risk to U.S. human populations focuses on exposure to methylmercury. 
Although methylmercury is found in other media and biota, it accumulates to the highest concentrations
in the muscle tissue of fish, particularly fish at the top of the aquatic food chain.  As a result, fish
ingestion is the dominant exposure pathway.  The dominance of this pathway reflects both
bioaccumulation of methylmercury in the fish and the efficiency with which methylmercury passes
through intestinal walls.  The critical elements in estimation of methylmercury exposure from fish are
these:  the species of fish consumed; the concentration of methylmercury in the fish; the quantity
consumed and the frequency of consumption.


There are three ways to assess the risk to populations from methylmercury exposure.  The first
way used in this analysis was based on predicted increases in methylmercury concentrations in fish due
to anthropogenic emissions coupled with predicted exposure to human (and wildlife) populations.  This
type of analysis has the advantage of predicting the direct impact of  anthropogenic emissions on fish
concentrations.  The second way risk was assessed was by using dietary surveys to identify the amount
and type of fish consumed by populations in the U.S.  The advantage of this methodology is that a total
exposure from fish can be evaluated, even though the contamination may have come from sources other
than anthropogenic emissions.  The third way to determine whether members of the population are at risk
was to consider hair mercury levels as methylmercury exposures for the general populations are reflected
by these levels.  This type of assessment would be one appropriate measurement of actual mercury
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exposure because biological samples are utilized.  These three methodologies and conclusions regarding
the risk characterization are presented below.


Modeled Anthropogenic Emissions and Predicted Fish Methylmercury Levels


The key issue addressed in the risk characterization was the extent to which anthropogenic
mercury emissions from U.S. sources increase mercury concentrations in freshwater and marine fish
such that subsequent consumption of these fish would result in increased risk to the consumer.  


As described in previous sections, the U.S. EPA used models to evaluate exposures that result
from atmospheric mercury emissions from U.S. sources.  Exposure to mercury from fish consumption
depends on both the mercury concentration in the fish and the amounts of fish consumed.  The modeling
analysis predicted that some of the mercury emitted from local emission sources deposits on local
watersheds and water bodies where a fraction of it is methylated and incorporated into the aquatic food
chain.  Since mercury emissions are also transported across great distances, the deposition of mercury
from distant sources as well as estimates of existing background concentrations were also considered to
contribute to mercury around a single source.  As noted in the discussion of the exposure analysis above,
the U.S. EPA concludes that there is a plausible link between anthropogenic emissions and increases in
methylmercury concentrations in freshwater fish.


Local water bodies in proximity (e.g., within 2.5 km) to industrial and combustion sources that
emit substantial amounts of divalent mercury from low stacks or at a slow rate appear to be more highly
impacted by atmospheric mercury releases.  For water bodies located in remote areas, the predicted
concentrations in fish are influenced by the overall proximity to anthropogenic sources, increased soot
and ozone concentrations and elevated rainfall.


The highest levels of methylmercury in fish (e.g., greater than 1 ppm) predicted by the exposure
model were in the trophic level 4 fish; that is, those predator species at the top of the food web.  These
high predictions generally result from using relatively conservative assumptions.  By comparison,
measured values in the U.S. range from less than 0.1 ppm to 8.42 ppm; typical values for trophic level 3
fish are about 0.08 ppm and for predatory fish in trophic level 4 about 0.3 ppm.


Given these potential methylmercury concentrations, the issue becomes the fish consumption
rate of populations eating fish from these waters.  Consumption of fish from these waters was assumed
for three types of human populations: an adult with a high fish consumption rate (�high-end consumer�),
a child of a high-end consumer and a recreational angler.  The  consumption and body weights used in
the analysis are shown below in Table 3-5.
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Table 3-5
Body Weights and Fish Consumption Values Used in Exposure Modeling


Subpopulation Assumed Body Weight  (kg) Assumed Local Fish Consumption
Rate (g/day)


Adult High-End Consumer 70 60


Child High-End Consumer 17 20


Adult Recreational Angler 70 30


Results of the modeling analysis show that if humans consumed fish with mercury
concentrations above 1 ppm at the above consumption rates, they would be ingesting mercury at levels
approaching or exceeding the product of 10 times the U.S. EPA’s RfD.  Is it likely that the U.S.
population would be  consuming fish from inland waters with mercury levels this high?  As noted above,
the average concentration of mercury in freshwater fish in the U.S. is between 0.08 and 0.3 ppm
depending on the size of the fish.  For most consumers then, this scenario appears to be unlikely. 
However, it is known that there are locations in the U.S. where fish concentrations exceed do 1 ppm. 
The U.S. EPA has found mercury residues in fish at 92 percent of more than 370 surface water bodies
tested in the U.S.  Mercury levels above 1 ppm were found in at least one fish at 2 percent of the sites
surveyed, and above 0.5 ppm in at least one fish at 15 percent of the sites.  Figure 3-4 illustrates the
geographic location of these sites. 


The potential for a consumer to be at increased risk from fish consumption is modified by at
least three important factors.  First, many States have issued advisories regarding the consumption of
certain species of fish from certain water bodies on account of mercury contamination.  These advisories
are meant to prevent the public from consuming fish with harmful levels of mercury in them.  Thus,
exposures to high concentrations are hopefully avoided.  (It is known however, that not all anglers heed
this advice.)  


Second, most sport anglers fish from a variety of water bodies.  Several studies indicate that
many of these anglers may travel extended distances to fish; they may be traveling to places where fish
have higher or lower mercury concentrations that those nearby.  These individuals who consume fish
from a variety of locations decrease their chance of exposure to methylmercury at toxicologically
significant doses because the extent of mercury contamination can differ significantly between water
bodies.  Although some areas of the U.S. are known to have fish contaminated with levels above 1 ppm,
the national average for freshwater fish is 0.3 ppm based on data from Bahnick et al., (1985).  


Third, some members of the population, even though they consume large quantities of fish, are
likely to obtain their fish from both local water bodies and from commercial sources.  By eating a variety
of fish in the diet, including fish obtained commercially, it is likely that fish with a range of  mercury
levels are being consumed.  A consumer may be purchasing fish with lower mercury levels than those
locally caught.  Thus, overall exposure would be reduced.  For example, the top ten seafood species all
have methylmercury levels less than 0.2 ppm.  These species are listed in Table 3-6.  Note however, that
there are some saltwater species, notably shark and swordfish, that do have elevated levels of mercury. 
These are not frequently consumed species, but their mercury levels are sufficiently high to have
potential for increased risk if consumed regularly.  Consequently, the FDA advises pregnant women, and
women of childbearing age intending to become pregnant, to limit their consumption of shark and
swordfish to no more than once a month.
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Figure 3-4
Distribution of Mercury Concentrations in U.S. EPA-Sampled


Fish Tissue Throughout the U.S.


The FDA advises persons other than pregnant women and women of child-bearing age to limit
their consumption of fish species with methylmercury levels around 1 ppm to about 7 ounces per week
(about 1 serving).  For fish with levels averaging 0.5 ppm, regular consumption should be limited to
about 14 ounces per week ( about two servings).  Consumption advice is unnecessary for the top 10
seafood species listed in Table 3-6 as mercury levels are 0.2 ppm or less and few people eat more than
the suggested weekly limit of fish (2.2 pounds) for this level of contamination.  FDA made this latter
statement for all segments of the population, including women who might become pregnant.


Human Exposure to Methylmercury Based on Dietary Surveys


Estimates of the number of individuals who exceed various recommendations on exposures to
mercury are characterized by both uncertainty and variability.  In its review of U.S. EPA’s earlier draft of
this Report, the Science Advisory Board noted that the high end of the distribution of methylmercury
exposures is very uncertain with respect to exposures, total number of people (and percent of the
population) who 
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Table 3-6
Mercur y Concentrations in the Top Ten Types of Fish/Shellfish Consumed by U.S. Residents


Fish weight) Commentsa


Mercur y
Concentration


(ppm, wet
b


Tuna 0.206 The mercury content for tuna is the average of the mean
concentrations measured in 3 types of tuna:  albacore tuna (0.264
ppm), skipjack tuna (0.136 ppm) and yellowfin tuna (0.218 ppm). 
The U.S. FDA measured the methylmercury concentration in 220
samples of canned tuna in 1991; the average amount of
methylmercury measured in these samples was 0.17 ppm and the
measured range was <0.1 - 0.75 ppm (Yess, 1993).


Shrimp 0.047 The mercury content for shrimp is the average of the mean
concentrations measured in seven types of shrimp:  royal red
shrimp (0.074 ppm), white shrimp (0.054 ppm), brown shrimp
(0.048 ppm), ocean shrimp (0.053 ppm), pink shrimp (0.031 ppm),
pink northern shrimp (0.024 ppm) and Alaska (sidestripe) shrimp
(0.042 ppm).


Pollack 0.15 The Pesticide and Chemical Contaminant Data Base for U.S. FDA
(1991/1992) reports the methylmercury concentration in pollack in
commerce as 0.04 ppm.


Salmon 0.035 The mercury content for salmon is the average of the mean
concentrations measured in five types of Salmon:  pink (0.019
µg/g), chum (0.030 ppm), coho (0.038 ppm), sockeye (0.027 ppm),
and chinook (0.063 ppm).


Cod 0.121 The mercury content for cod is the average of the mean
concentrations in Atlantic Cod (0.114 ppm) and the Pacific Cod
(0.127 ppm).


Catfish 0.088 The sources of mercury content in catfish are Bahnick et al., 1994
0.16 and Lowe et al., 1985.  Both data sets were collected from U.S.


freshwater sources.  The Bahnick data (mean = 0.088) include
channel, largemouth, rock, striped and white catfish, and the Lowe
data (mean = 0.16) include channel and flathead catfish.  It should
be noted that neither survey included farm-raised catfish, which is
the type of catfish predominantly consumed in the U.S.  The
mercury content of farm-raised catfish may be significantly
different than freshwater sources.  The Pesticide and Chemical
Contaminant Data Base for U.S. FDA (1991/1992) reports the
methylmercury concentration in farm-raised catfish as 0.02 ppm.


Clam 0.023 The mercury content for clam is the average of the mean
concentrations measured in four types of clam:  hard (or quahog)
clam (0.034 ppm), Pacific littleneck clam (0 ppm), soft clam (0.027
ppm), and geoduck clam (0.032 ppm).







Table 3-6 (continued)
Mercur y Concentrations in the Top Ten Types of Fish/Shellfish Consumed by U.S. Residents


Fish weight) Commentsa


Mercur y
Concentration


(ppm, wet
b
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Flatfish (Flounder) 0.092 The mercury content for flounder is the average of the mean
concentrations measured in nine types of flounder:  Gulf (0.147
ppm), summer (0.127 ppm), southern (0.078 ppm), four-spot
(0.090 ppm), windowpane (0.151 ppm), arrowtooth (0.020 ppm),
witch (0.083 ppm), yellowtail (0.067 ppm), and winter (0.066
ppm).


Crab 0.117 The mercury content for crab is the average of the mean
concentrations measured in five types of crab:  blue crab (0.140
ppm), dungeness crab (0.183 ppm), king crab (0.070 ppm), tanner
crab (C. opilio) (0.088 ppm), and tanner crab (C. bairdl) (0.102
ppm).


Scallop 0.042 The mercury content for scallop is the average of the mean
concentrations measured in four types of scallop:  sea (smooth)
scallop (0.101 ppm), Atlantic Bay scallop (0.038 ppm), calico
scallop (0.026 ppm), and pink scallop (0.004 ppm).


 List of fish types from U.S. FDA (1995).a


 Mercury concentrations sources are described in the comments, refer to Volume III for complete citations.b


may be experiencing exposures high enough to cause adverse health effects, and the actual subgroups
who are highly exposed.  Consequently, the total population at risk is not, and cannot be fully
characterized at this time.


Because of the uncertainties intrinsic to describing fully the high-end of the distribution, where
multiple estimates of the size of the highly exposed population are available, a range of values has been
presented.  Predicted high exposures to methylmercury are caused by one of two factors or their
combination: 1) consumption of types of fish which exhibit elevated methylmercury concentrations in
their tissues; and or 2)  high consumption rates of methylmercury contaminated fish.


The discussion of the modeling analysis above focused on potential risk to human populations
due to consumption of fish having relatively high concentrations of mercury.  A limitation of the
modeling analysis is that the size of the population potentially at increased risk cannot be estimated
because hypothetical water body locations and exposure scenarios are employed.  The analysis of
mercury exposure using dietary surveys described below is aimed at identifying populations that eat
much greater amounts of fish than the average consumer.  Their potential for increased risk is not
necessarily due to elevated concentrations in fish, it is more a function of the amount of fish consumed
on a regular, usually daily, basis. The analysis of the at-risk population eating above average amounts of
fish focuses on that part of the population which consumes on average 100 grams or more of fish or
shellfish per day (approximately 3.5 ounces).  The basis for this focus on persons eating 100 grams or
more is a recommendation made by the World Health Organization’s International Programme for
Chemical Safety (WHO) that populations consuming large amounts of fish and shellfish require special
consideration. The 100 gram per day recommendation by the WHO can be used as a screening analysis
to identify populations potentially at increased risk; particularly risk among pregnant women.  The
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significance of the risk is, as mentioned above, is also a function of the methylmercury concentrations of
the fish consumed.  Figure 3-5 illustrates the distribution of fish consumption rates of various
populations.  As shown in Figure 3-5, the general U.S. population consumes, on average, far less fish
than subsistence fishers and some Native American tribes which have been studied.  Figure 3-5 also
illustrates that some members of the U.S. population do consume fish in large amounts on a daily basis.    


The second way dietary surveys were used in this analysis was to calculate methylmercury
exposure over a month-long period. This can be achieved by combining the frequency distribution of
month-long patterns of fish/shellfish consumption with dietary data indicating the species of fish
consumed, average values for mercury concentrations in the species of fish consumed, the portion size
consumed, and the individuals’ body weights.  


The U.S. EPA used two types of dietary surveys to identify these populations.  Dietary surveys
can be classified into longitudinal or cross-sectional surveys.  Cross-sectional data are used to give a
"snap shot" in time and are typically used to provide information on the distribution of intakes for groups
within the population of interest.  Cross-sectional data typically are for 24-hour or 3-day sampling
periods and may rely on recall of foods consumed following questioning by a trained interviewer, or may
rely on written records of foods consumed.  The cross-sectional surveys used in this Report were the
Continuing Surveys of Food Consumption by Individuals for the periods 1989 to 1991, 1994 and 1995
and the third National Heath and Nutrition Examination Survey (NHANES III) conducted between 1988
and 1994.  


General U.S. Population.  NHANES III obtained data on the self-reported month-long frequency
of consumption of fish and shellfish by respondents in this survey.  Of the adults surveyed 86 percent
reported they ate fish or shellfish at least once during the previous month.  Major subgroups in the
general population indicated they consumed fish and shellfish more frequently than did the overall
population.  Among persons who designated themselves as �White/NonHispanic,� 1.9 percent consumed
fish/shellfish 6.4 times or more a week.  Within the subpopulation of persons who categorized
themselves as �Black/NonHispanic,� 3.3 percent consumed fish/shellfish 6 times or more per week. 
Among persons who categorized themselves as �Other� (typically individuals of Asian/Pacific Islander
ethnicity, Native Americans, Alaskan Natives, and persons of Caribbean ethnicity), 8.9 percent indicated
they consumed fish/shellfish 6 times or more a week.


Subpopulations of Concern.  Three groups are potentially at increased risk from methylmercury: 
pregnant women, women of child-bearing age (i.e., between the ages of 15 and 44) and children ages 14
and younger.  Pregnant women are of concern because of the adverse effects of methylmercury on the
fetal nervous system.  Women of child-bearing age rather than only pregnant women are of concern for
two reasons.  The first is that methylmercury persists in tissues.  Measured half-lives for methylmercury
in adults range from about 1 month to 9 months, although half-lives of just over 2 months are usually
observed.  Thus, dietary intakes just prior to pregnancy are of concern rather than only methylmercury
intakes during pregnancy.  The second reason is that women usually do not know they are pregnant until
the pregnancy is past many of the critical stages of fetal development.


Children may be at a higher risk of methylmercury exposure than are adults because they appear
to have higher exposures on a per kilogram body weight basis, and they may be inherently more sensitive
than adults given the developmental state of the nervous system.  In the methylmercury poisoning
epidemics in Japan and Iraq, children were affected, as well as adults.  These effects were not seen only
in children exposed to methylmercury in utero, but included children exposed through ingesting
methylmercury from food.  Whether or not children differ from adults in sensitivity to methylmercury
neurotoxicity is not known.
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Within the subpopulation of women of child-bearing age, it is useful to estimate the number of women
whose dietary patterns include eating fish and shellfish in amount of 100 grams/day or more.  When the
distribution of fish and shellfish intakes among the overall population of women in the United States is
considered, it appears that approximately 5% of women eat fish and shellfish in amount of 100
grams/day or more, on any single day.  This type of data provide a distribution across the entire
population of women in the United States.  However, because mercury is a toxic element that
accumulates in the body over time, it is relevant to know what percent of women consume fish at the 100
grams or more level consistently.  Using the NHANES III dietary data (including the fish consumption
frequency data), it was estimated that 3% of women consistently consume 100 grams of fish/shellfish per
day or more. 


An additional source of information on typically long-term or longitudinal estimates of intake of
mercury from fish and shellfish is a longitudinal survey, the National Purchase Diary, Inc conducted in
1973.  In this survey the 99th percentile of fish and shellfish consumption among adults was 112 grams
per day.


Based on these three different approaches to estimating the amount of fish and shellfish
consumed on a month-long basis by adult women of childbearing age, it is estimated that between 1 and
3 percent of women consistently consume 100 grams or more of fish and shellfish per day. Because
occasional ingestion of greater quantities of fish and shellfish may result in very short-term higher
exposures, the 5% of women who report consuming 100 grams of fish and shellfish per day (the per
capita data) may also be considered for purpose of assessing risk of exposure to mercury from diet.


Census statistics (United States 1990) indicate that within the 48 contiguous states the estimated
number of women of childbearing age (that is assumed to be 15 through 44 years) was approximately
58,222,000.  It was estimated that in a given year 9.5 percent of women in this age group are pregnant.  If
the consumption of 100 grams of fish/shellfish per day or more is used as a screen for concern for
mercury exposures, it is estimated that between approximately 52,000 and 166,000 pregnant women
consume fish at these levels (based on 1% of the population from the NPD, Inc, survey and the 3%
projection for month-long national estimates of consumption based on NHANES III (1988-1994)).


Estimates of Methylmercury Exposure Based on Dietary Surveys.  Exposure to methylmercury
from contaminated fish results in an incremental increase in mercury exposure.  Methylmercury exposure
rates on a per body weight basis among fish-consuming children are predicted to be higher than for fish-
consuming adults.  Data obtained in the NHANES III permits calculation of national estimates of month-
long exposures to mercury from eating fish and shellfish.  This can be achieved by combining the
frequency distribution of  month-long patterns of fish/shellfish consumption with dietary data indicating
the species of fish consumed, mean values for mercury concentrations in the species of fish consumed,
the portion size consumed, and the individuals’ body weights.  


As is the situation with adults, it is uncertain how often children consume fish and shellfish
according to the patterns that are shown by the 24-hour recall data.  In the NHANES III, there are no data
for children which specify how frequently children eat fish/shellfish, although there are such data for
adults.  Consequently, a simplif ying assumption was made that children of a particular ethnic/racial
group ate fish as often as the adults of that particular ethnic/racial group.  Unlike the frequency data,
however, the smaller portion size of fish/shellfish and the different species of fish/shellfish selected by
children were described with the 24-hour recall data specific for children in NHANES III.  In the U.S.
EPA’s analysis only the data on frequency of fish consumption was extrapolated from adult data.


Using this approach, month-long estimates of mercury exposure were calculated.  The results
indicate that 7 percent of  women ages 15 through 44 years of age exceed the RfD (0.1 µg/kg-bw/day). 
For 1 percent of  women ages 15 through 44 years of age, the month-long estimate of mercury exposure
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was 0.37 µg/kg-bw/day.  Some children were also estimated to have exposures of 0.3 ug/kg-bw/day and
higher.  As noted above, exposures at or below the RfD are expected to be safe.  The risk following
exposures above the RfD are uncertain, but risk increases as exposure to methylmercury increases.


It is important to note that the above estimates of mercury exposure from fish and shellfish are
based on average concentrations of mercury in fish and shellfish usually selected by people.  The most
commonly consumed fish/shellfish were tuna, shrimp, and Alaskan pollock.  The typical mixture of fish
and shellfish species consumed is associated with an average concentration of mercury in the range of 0.1
to 0.15 parts per million.  This average mercury concentration for the mixture of fish and shellfish
species usually eaten is a major factor in determining national estimates of mercury exposure.  These
concentrations are comparatively lower than found in a number of species of fish.


  Consumption of fish with mercury levels higher than average may pose a significant source of
methylmercury exposure to consumers of such fish.  The magnitude of methylmercury exposure varies
with local consumption rates and methylmercury concentrations in the fish.  The average mercury
concentrations measured throughout the inland waters of the U.S. provide an indication of the amounts of
mercury in various freshwater fish.  These are provided in Table 2-1.  


The exposure analysis described above indicates that some of these methylmercury
concentrations in freshwater fish species may be elevated as a result of mercury emissions from
anthropogenic sources.  As a result, exposures may be elevated as a result of mercury emissions from
anthropogenic sources.  Because people may select fish from limited geographic regions where fish
mercury concentrations are lower or higher than those present in the general diet, they may experience
quite different mercury exposures than does the general population as described by the national estimates
from dietary surveys (e.g., national estimates of month-long consumption projected from NHANES III). 
Exposures may be elevated among some members of subpopulations of concern; these are evidenced by
blood mercury measurements in excess of 10 micrograms per liter of whole blood that have been
reported among multiple freshwater fish-consuming subpopulations.


Hair Mercury Measurements


Actual measurements of hair mercury levels would be an additional to assess mercury exposure
and risk because mercury exposure is reflected by hair mercury levels.  Because fish are the primary
exposure pathway for methylmercury there is a broad-based scientific literature describing increases in
hair mercury concentrations with increases in fish consumption.  Maternal hair mercury concentrations
predict mercury concentrations in fetal brain, fetal blood, umbilical cord blood and newborn hair.


The WHO has concluded that the general population of adults (males and non-pregnant females)
does not face a significant health risk from methylmercury when hair mercury concentrations are under
50 µg mercury/gram hair.  However, in recent evaluations of the Niigata epidemic of  Minamata disease,
study authors reported lower thresholds with mean values in the range of 25 to approximately 50 µg
mercury/gram hair.


In addition, clinical observations in Iraq suggest that women during pregnancy are more
sensitive to the effects of methylmercury with fetuses at particularly increased risk.  The WHO analyzed
the Iraqi data and identified a 30 percent risk to the infant of abnormal neurological signs when maternal
hair mercury concentrations were over 70 µg/g.  Using an additional statistical analysis, WHO estimated
a 5 percent risk of neurological disorder in the infant when the maternal hair concentration was 10 to 20
µg mercury/gram of hair.


Although data on hair mercury concentrations from a sample representative of the United States
population with adequate documentation of quality assurance/quality control do not exist, data from
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individual studies conducted within the United States are available and are discussed in the Volume on
exposure (Volume IV) and in the risk characterization Volume (Volume VII).  These surveys were
conducted in widely diverse geographic areas within the United States.  The mean hair mercury
concentrations identified for subjects in these studies are typically under 1 �g/g or 1 ppm.  There are a
number of uncertainties surrounding this value which are discussed in the risk characterization Volume. 
The maximum values reported in these  individual surveys conducted in widely diverse geographic areas
of the United States range from 2.1 to 15.6 ppm. 


Hair mercury concentrations of 1 ppm or less are associated with dietary intakes of mercury of
an estimated 0.1 µg/kgbw/day which is also the RfD.  These mercury concentrations correspond to hair
mercury concentrations associated with fish consumption at the level of less than one meal per month to
one meal per week.  Based on the higher hair mercury concentrations reported in additional studies of
subpopulations expected to have higher than usual consumption of fish and shellfish, dietary intake of
mercury considerably in excess of the RfD also occurs among some members of the United States
population.


Until appropriate survey data for the general United States population exist, the overall
distribution of hair mercury concentrations for the United States remains unclear.  For adequate
prediction of  methylmercury exposure for the general United States population, the data should be
obtained from subjects who are chosen based on a sampling strategy that can be extrapolated to the
United States population, and must include appropriate quality assurance/quality control procedures.


Summary of the Risk Characterization


In summary, conclusions that can be drawn from the risk characterization are these.


� There is evidence from measurement data and modeling analyses that past and present
emissions and releases of mercury from industrial sources can be plausibly linked with
incremental increases in environmental mercury concentrations, including fish
methylmercury levels in surface waters in the U.S.


� One U.S. EPA study found mercury levels above 1 ppm in at least one fish at 2 percent
of the sites surveyed, and above 0.5 ppm in at least one fish at 15 percent of the sites. 
U.S. emissions contribute to local, regional and global atmospheric mercury and the
resulting deposition to the oceans and land.  These emissions ultimately contribute to
total mercury loads in fish, since elemental mercury in the environment is neither created
nor destroyed.  Because mercury methylation and subsequent uptake in fish is complex
and not well understood, it cannot be assumed that a change in total mercury emissions
will be linearly related to any resulting change in methylmercury in fish, even taking into
account the role of natural and old anthropogenic sources.


 
� The typical U.S. consumer eating fish from restaurants and grocery stores is not in


danger of consuming harmful levels of mercury from fish and is not being advised to
limit fish consumption.  The levels of mercury found in the most frequently consumed
commercial fish are generally low, especially compared to levels that might be expected
in some non-commercial fish from fresh water bodies that have been affected by
mercury emissions.


� While most U.S. consumers need not be concerned about their exposure to mercury,
some exposures may be of concern.  Those who regularly and frequently consume large
amounts of fish -- either marine species that typically have much higher levels of
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mercury than the rest of seafood or freshwater fish that have been affected by mercury
pollution -- are the most highly exposed.   Since the developing fetus may be more
sensitive to the effects of mercury in fish, women of child-bearing age are as the
population of greatest interest. 


� In this Report, an analysis of dietary surveys led the U.S. EPA to conclude that between
1 and 3 percent of the women of child-bearing age (i.e., between the ages of 15 and 44)
eat sufficient amounts of fish to be at risk from mercury exposure depending on the
mercury concentrations in the fish.  In addition, some Native Americans or subsistence
fishers do consume fish in these large quantities for cultural or economic reasons. These
consumers should be aware of the FDA and State fish advisories that suggest limiting the
consumption of contaminated fish.


Limitations of the Risk Characterization


The primary purpose of the Mercury Study Report to Congress was to assess the impact of U.S.
anthropogenic emissions on mercury exposure to humans and wildlife.  The size of some populations of
concern have been estimated; namely women of child�bearing age and children who eat fish.  In the
general population, people typically obtain their fish from many sources.  The question on whether or not
the impact of mercury from anthropogenic ambient emissions can be proportioned to the overall impact
of methylmercury on wildlife is a much more difficult issue.


As with environmental monitoring data, information on body burden of mercury in populations
of concern (blood and/or hair mercury concentrations) are not available for the general U.S. population. 
Data on higher�risk groups are currently too limited to discern a pattern more predictive of
methylmercury exposure than information on quantities of fish consumed.  The selenium content of
certain foods has been suggestive as a basis for modifying estimates of the quantities of methylmercury
that produce adverse effects, although there is no consistent evidence that selenium is protective against
the neurotoxicity of methylmercury.  Experimental investigations under controlled conditions indicated
that feline species developed neurotoxicity from methylmercury as severely and as rapidly if the
methylmercury was present naturally in fish or added as chemically pure methylmercury to the animals’
diet.  Currently, data on this mercury/selenium association form an inadequate basis to modify
quantitative estimates of human response to a particular exposure to mercury.


Available data for human health risk assessment have limitations as described in the Report and
in this summary.  Studies of human fish-consuming populations in the Seychelles and Faroes Islands
address some of these limitations.  Additional studies on U.S. populations who consume fish from the
Great Lakes are in progress, as well as, additional studies currently in review and expected to be
published during the period 1997/1998.  Public health agencies of the U.S. government and the U.S. EPA
will evaluate these new data when they are available.


The benchmark dose methodology used in estimating the RfD required that data be clustered into
dose groups.  Most data on neurologically based developmental endpoints are continuous; that is, not
assigned to dose groups.  For example, scoring on scales of IQ involves points rather than a "yes/no"
type of categorization.  Measurements on the degree of constriction of the visual field involve a scaling
rather than a "constricted/unconstricted" type of variable.  Although arbitrary scales can be constructed,
these groupings have generally not been done in current systems. Use of alternative dose groupings (as
described in Volume IV) had no significant effect on calculated benchmark doses.  An additional
difficulty occurs in estimation of benchmark dose for multiple endpoints that have been measured. 
Further research on appropriate methods for mathematical modeling is needed.  For some situations such
information is known, but for methylmercury exposure and multiple endpoints assessing the same system
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(i.e., developmentally sensitive neurological, neuromotor and neuropsychological effects) the
time�course/dose�response of such changes have not been clearly established.  Development of the
mathematical models needs to be accompanied by understanding the physiological/pathological
processes of methylmercury intoxication.


How Much Methylmercury Exposure is Harmful to Wildlife and What Are the Effects?


Massive poisonings of birds and wildlife from methylmercury�treated seed grains were
identified during the decades preceding the 1970s.  These findings resulted in substantial limitation on
use of methylmercury�treated seed grains.  However, methylmercury contamination of the aquatic
foodchain from many sources continues to adversely affect wildlife and domestic mammals and wild
birds.  In Minamata, Japan from about 1950�1952 (prior to recognition of human poisonings) severe
difficulties with flying and other grossly abnormal behavior was observed among birds.  Signs of
neurological disease including convulsions, fits, highly erratic movements (mad running, sudden
jumping, bumping into objects) were observed among domestic animals, especially cats that consumed
seafood.


Generally the place of wildlife in the aquatic foodchain of the ecosystem and their feeding habits
determine the degree to which the species is exposed to methylmercury.  Fish�eating (piscivorous)
animals and those which prey on other fish�eaters accumulate more mercury than if they consumed food
from terrestrial food chains.  In a study of fur�bearing animals in Wisconsin, the species with the highest
tissue levels of mercury were otter and mink, which are top mammalian predators in the aquatic food
chain.  Top avian predators of aquatic food chains include raptors such as the osprey and bald eagle. 
Smaller birds feeding at lower levels in the aquatic food chains also may be exposed to substantial
amounts of mercury because of their high food consumption rate (consumption/day/gram of body
weight) relative to larger birds.


Laboratory studies under controlled conditions can be used to assess the effects of
methylmercury from fish on mink, otter and several avian species.  Effects can occur at a dose of 0.25
µg/g bw/day or 1.1 µg/g methylmercury in diet.  Death may occur in species at 0.1�0.5 µg/g body
weight/day or 1.0�5.0 µg/g in the diet.  Smaller animals (for example, minks, monkeys) are generally
more susceptible to mercury poisoning than are larger animals (for example, mule deer, harp seals). 
Smaller mammals eat more per unit body weight than larger mammals.  Thus, smaller mammals may be
exposed to larger amounts of methylmercury on a body weight basis.


Whole body residues of mercury in acutely poisoned birds usually exceed 20 µg/g fresh weight. 
Although sublethal effects include a number of different organ systems, reproductive effects are the
primary concern.  These occur at concentrations far lower than those that cause overt toxicity.


The broad ecosystem effects of mercury are not completely understood.  No applicable studies of
the effects of mercury on intact ecosystems were found.  Consequently, characterization of risk for
non�human species did not attempt to quantify effects of mercury on ecosystems, communities, or
species diversity.  The characterization focused on quantities of mercury that adversely affects the health
of sensitive subpopulations of wildlife species and on the co�location of these populations with areas of
elevated mercury exposure secondary to ambient, anthropogenic emissions of methylmercury.  To this
end wildlife criteria (WC) were calculated for four piscivorous birds and two mammals (see Table 3-8). 
The WC is a methylmercury level in water which is expected to be without harm for the species.  The
WC considers the bioaccumulation of methylmercury in the large and small fish eaten by the mammals
or birds.  A bioaccumulation factor (BAF) was used in the WC calculation; the BAF was based on data
on methylmercury in fish and the water from which they were taken.  A review of literature from the last
several years suggests that there is now sufficient information available to estimate BAFs for
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methylmercury.  Previously, it was thought that much of the variation around BAFs estimated on a total
mercury basis could be attributed to differences among water bodies in the proportion of total mercury
existing as the methylated form.  The goal of the present analysis was to calculate a WC for the
bioaccumulating form of mercury, thereby yielding an estimate with the lowest possible variation around
the mean.  The effects data for mammals were from a short-term study of neurotoxicity in mink.  The
data for fish�eating birds were from a three�generation study in mallard ducks.


The evaluation of data and calculation of WC in this Report was done in accordance with the
methods and assessments published in the Final Water Quality Guidance for the Great Lakes System: 
Final Rule.  Availability of additional data led to differences in calculated values of the WC in this
Report and those published in the final rule.  Differences were the result of several factors.  First, this
Report uses more recent data to derive BAFs.  The Supplementary Information Document to the final
Water Quality Guidance for the Great Lakes System noted that a preliminary draft of the Mercury Report
to Congress was available but was not used because it had not been completed at the time the final
guidance was published.  Second, the Guidance appropriately used some region-specific assumptions
that were not used in this nationwide assessment (e.g., consumption of herring gulls by eagles).  Third,
different endpoints were used.  In the Guidance, a risk-management decision was made to base the WC
on endpoints that compare direct effects on growth, reproduction, or development.  In this Report, more
sensitive endpoints were considered with the goal of assessing a greater range of toxic effects.  Finally,
different uncertainty factors were employed in the two assessments.  In general, uncertainty factors used
in the GLWQI are more conservative than those used in this Report.


Table 3-7
Wildlife Criteria for Methylmercury


Organism Wildlife Criterion (pg/L)


Mink 57


River otter 42


Kingfisher 33


Loon 82


Osprey 82


Bald eagle 100


Derivation of a WC to protect the Florida panther is complicated by the possibility that prey
items (e.g., raccoon) accumulate mercury to an even greater extent than the fish represented by trophic
level 4.  Other prey (e.g., deer) probably contain relatively lower levels of mercury.  Calculation of a WC
protective of the panther, therefore, requires collection of additional information on the diet of this
species and mercury residues in that diet.  Existing data are insufficient to support such an analysis.  A
chronic NOAEL for domestic cats was reported to be 20 �g/kg/d.  This is close to that of 5.5 �g/kg/d
estimated for mink (that is, the subchronic NOAEL of 55 �g/kg/d divided by a UF  of 10).  Cats (ands


presumably larger felines) do not, therefore, appear to be uniquely sensitive or insensitive to the toxic
effects of mercury.


Methylmercury (as described in Volumes V and VI of this Report) has deleterious effects on the
chordate nervous system.  The human health endpoint of concern is developmental neurotoxicity.  The
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health endpoints of concern for the avian wildlife species are reproductive and behavioral deficits and for
the mammalian quadrupeds are neurological effects.  Assuming that the effects are of similar concern for
the well-being of individuals within a species, the NOAELs, LOAELs and the human and wildlife WCs
for these health endpoints can then be compared across species.


The human benchmark dose of 11 ppm mercury in hair was considered operationally equivalent
to a NOAEL in the derivation of the methylmercury RfD.  A LOAEL of 52.5 ppm mercury in hair was
estimated for purposes of this risk characterization from inspection of data in Table 5-4 of Volume VI. 
The NOAEL of 11 ppm mercury in hair and the LOAEL of 52.5 ppm mercury in hair correspond to
ingestion levels of 1 �g/kg-day and 5.3 �g/kg-day, respectively; these dose conversions were made by
applying the methods for converting hair mercury concentrations to ingestion levels used in the
derivation of the RfD in Volume IV of this Report.


The avian RfD was based on the data from a series of studies by Heinz and collaborators on
mallard ducks.  A NOAEL could not be identified.  The estimated LOAEL, based on reproductive and
behavioral effects, was 78 �g/kg bw/day.  The mammalian RfD was based on the data from a series of
studies by Wobeser and collaborators done on ranch mink.  A NOAEL of 55 �g/kg bw/day was
estimated from these studies.  The estimated LOAEL, based on damage to the nervous system and liver,
was 180 �g/kg bw/day.


Based on the data developed for the health assessment, the human LOAEL and RfD are orders of
magnitude lower than the corresponding LOAELs and RfD of the other animals.  There is a great deal of
uncertainty in this comparison.  It must be noted that the effects in humans are based on the RfD
definition of a critical effect; that is the most sensitive reported adverse effect or indicator of adverse
effect.  The effects reported for mammals (i.e., neurologic damage in the mink) and birds (i.e.,
reproductive effects in mallards) would be considered frank effects in the human RfD methodology.  The
observations in laboratory animals indicate that it would be reasonable to expect more subtle and less
damaging effects of methylmercury to occur at lower doses than the wildlife LOAEL and NOAEL.


The information assessed in this Report suggests that ecosystems most at risk from airborne
releases of mercury exhibit one or more of the following characteristics:


� They are located in areas where atmospheric deposition of mercury is high;


� they include surface waters already impacted by acid deposition;


� they possess characteristics other than low pH that result in high levels of
bioaccumulation; and/or


� they include sensitive species.


The adverse effects of methylmercury on wildlife have been described and quantified.  For wildlife the
importance of site�specific effects of mercury exposure are anticipated to be greater than for humans in
the general population because wildlife obtain their fish from a much more limited geographic area than
do people.


Limitations of the Wildlife Assessment


There is uncertainty and variability associated with each WC.  These include lack of long-term
studies for mammals, lack of a no adverse effects level for birds, and extrapolation from one species to
another.  It is not known if the species selected for WC development are the most sensitive or appropriate
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species; also, it is not known if protecting individual animals or species will guarantee protection of their
ecosystem from harmful effects of mercury.  There are uncertainties and expected variability in the BAF;
it was the subject of a quantitative uncertainty analysis.


For wildlife risk assessment, as for humans, mercury toxicity among wildlife involves
neurological effects.  Available toxicology data from laboratory�based studies of wildlife exposed to
methylmercury have measured only gross clinical signs and symptoms of disease and death or
pathological changes accompanying these clinically evident changes.  Physiologically based evaluation
of wildlife has not been done.  The importance of more subtle endpoints of neurological function is
anticipated to be relevant to such practical questions as the ability of visual hunters such as the loon to
find food.


The risk assessment for wildlife made the assumption that the primary source of mercury
exposure to the selected species was contaminated fish.  Since mercury bioaccumulation is largely
through aquatic ecosystems, it is reasonable to focus attention on wildlife species whose feeding habits
are tied to these systems.  Existing data permit a general treatment of mercury exposure and effects on
such populations.  For some species, such as the kingfisher and river otter, it can be reasonably assumed
that fish always comprise a high percentage of the diet.  For others, such as the eagle and mink,
considerable variations in diet are likely to exist.  Still others, such as the Florida panther, consume prey
(such as the raccoon) which consume variable amounts of aquatic biota, but which in South Florida are
closely linked to the aquatic food chain.  A more accurate characterization of the risk posed by mercury
to a specific group of animals occupying a given location will depend on the collection of necessary
supporting information:  food habits, migratory behavior, breeding biology, and mercury residues in
preferred prey items.


To improve the characterization of risk, research needs highlighted in the preceding sections
should be addressed.  Additional work to decrease uncertainty should be directed toward the exposure
assessment.  Validated local and regional atmospheric fate and transport models are needed.  This should
utilize long-term national monitoring networks.  Data to improve understanding of movement of mercury
through environmental media are also needed.  The bioaccumulation factors are major sources of
uncertainty.  This uncertainty will be decreased by improved data to use in the parameters of the
bioaccumulation factor equations and by increased understanding of mercury biogeochemistry in water
bodies.
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4. MANAGEMENT ALTERNATIVES


Possible Control Strategies


Effective control of mercury emissions may require a mix of strategies.  The four major types of
control techniques reviewed include:


� Pollution prevention measures, including product substitution, process modification and
materials separation;


� Coal cleaning;


� Alternative approaches; and


� Flue gas treatment technologies.


Table 4-1 summarizes mercury control techniques for selected source categories.  Pollution prevention
may be suitable for those processes or industries where a mercury substitute is demonstrated and
available (e.g., mercury cell chlor-alkali plants).  Another pollution prevention measure is material
separation, which may be an appropriate approach for processes where mercury-containing products are
disposed of by incineration, or where mercury can be reduced in the fuel prior to the fuel being
combusted (e.g., medical waste incineration).  Conventional regulatory strategies may be applicable
when mercury is emitted to the environment as a result of trace contamination in fossil fuel or other
essential feedstock in an industrial process (e.g., cement manufacturing).  Other non-traditional
approaches such as emissions trading or other market-based approaches may also prove feasible for
mercury control.  In addition, emissions control is only one possible means for reducing human
exposure. For example, the issuance of fish advisories (or increased public education about advisories
already in place) is an alternative that would need to be explored when selecting among strategies for
reducing risks to human health (though not to ecosystems).


Cost-effective opportunities to deal with mercury during the product life-cycle, rather than just at
the point of disposal, need to be pursued.  A balanced strategy which integrates end-of-pipe control
technologies with material substitution and separation, design-for-environment, and fundamental process
change approaches is needed.  In addition, international efforts to reduce mercury emissions as well as
greenhouse gases will play an important role in reducing inputs to the global reservoir of mercury.


As noted above, because of the current, limited scientific understanding of the environmental
fate and transport of this pollutant, it is not possible to quantify the contribution of U.S. anthropogenic
emissions relative to other sources of mercury, including natural sources and re-emissions from the
global pool, on methylmercury levels in fish consumed by the U.S. population.  Mercury methylation and
subsequent uptake in fish is complex and not well understood.  As a result, it cannot be assumed that a
change in total mercury emissions will be linearly related to any resulting change in methylmercury in
fish, nor over what time period these changes would occur.  This is an area of ongoing study.


The analyses of control technologies and costs presented in this Report are not intended to
replace a thorough regulatory analysis, as would be performed for a rulemaking.  The information
presented is
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Table 4-1
Summary of Mercury Control Techniques for Selected Source Types


Mercury Control Applicable Source Estimated Mercury Cross-Media Other Pollutants Comments
Technique Type Removal Efficiency Impacts? Controlleda


Product substitution (e.g., MWCs, MWIs Variable, depending on the Yes Could include other � Product substitution has reduced the use of mercury
batteries, fluorescent lights) extent of substitution components of mercury-in household batteries


containing batteries,
fluorescent lights and
other products


� Use of mercury-containing fluorescent lights has
increased because of their energy efficiency, but
lower mercury content is being achieved


� The impact of product substitution to other areas
depends on specific circumstances, including
technical and economic feasibility


Process modification Mercury cell chlor- 100% Yes None directly � In 1994, about one-half of the chlor-alkali plants
alkali plants used mercury-free processes


� Because the membrane cell process has lower
electricity demands than the mercury cell process,
plant conversion results in an energy savings


� Additional savings presumably also result by
avoiding costs of recycling or disposing of
mercuric wastes


Materials separation MWCs and MWIs Variable, depending on the Yes Could include other � Separation of low-volume materials containing
extent of separation components of mercury- high mercury concentrations (e.g., batteries,


containing wastes fluorescent lights, thermostats and other electrical
burned in MWCs or items) can reduce mercury input to a combustor
MWIs without removing energy content of the waste


stream


� Household battery separation has been
implemented by several communities; program
efficiency ranges from 3 to 25 percent


� Material separation programs at hospitals have been
successful







Table 4-1  (continued)
Summary of Mercury Control Techniques for Selected Source Types


Mercury Control Applicable Source Estimated Mercury Cross-Media Other Pollutants Comments
Technique Type Removal Efficiency Impacts? Controlleda
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Carbon filter beds MWCs, utility 99% Yes Residual organic � Currently applied to five full-scale power plants in
boilers, industrial compounds, other heavy Germany, and planned to be installed on five
boilers metals, S0, acid gases hazardous waste incinerators in Europe2


� Technically feasible to other sources, such as
MWIs or smelters, but has not been applied


� Potential negative effects associated with the
disposal of spent carbon and the potential for fires
in the bed


Wet scrubbing MWCs, MWIs, Can be >90% for water- Yes Acid gases, metals, � Have not been applied to MWCs  in the U.S.,
boilers soluble species; limited for particulate matter, although they have been used at MWCs in Europe


elemental mercury dioxins, furans and MWIs in the U.S.


� 25 percent of coal-fired boilers currently have wet
scrubbers


� Requires treatment of wastewater prior to disposal


� May form more toxic, lesser-chlorinated dioxin and
furan congeners


Depleted brine scrubbing Chlor-alkali plants 98% Yes None � Very little information is available on this
technique


Treated activated carbon Chlor-alkali plants 90% Yes Residual organic � Very little information is available on this
adsorption compounds, other heavy technique


metals, SO, acid gases2
� In 1984, carbon bed systems were in use at 8 of the


20 chlor-alkali plants in operation in the U.S. at
that time







Table 4-1  (continued)
Summary of Mercury Control Techniques for Selected Source Types


Mercury Control Applicable Source Estimated Mercury Cross-Media Other Pollutants Comments
Technique Type Removal Efficiency Impacts? Controlleda
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Selenium filters Primary copper 90% Yes Particulate matter, acid � Factors that influence performance include inlet
smelters, primary gases mercury concentrations, flue gas temperature and
lead smelters, and flue gas dust content
(more limited)
MWCs, crematories,
power plants


� Four known applications at smelters as well as a
MWC and a crematory in Sweden; known
installation at a German power plan; potentially
applicable to MWIs


� Spent filter containing selenium and mercury must
be landfilled after use


� More information needed on the possibility of
selenium being emitted from the filter itself


Activated carbon injection MWCs, MWIs, 50-90+% Yes Chlorinated dioxins and� Activated carbon injection efficiencies reported for
utility boilers furans, potentially other utility boilers are based on pilot-scale data and as


semi-volatile organics such have a high degree of uncertainty


� Factors that influence performance include flue gas
temperature, amount of activated carbon injected,
type of particulate matter collector, concentration
and species of mercury in flue gas and type of
carbon used


� Addition of carbon could have significant impact
on amount of particulate matter requiring disposal
from utility boilers, but not from MWCs or MWIs


 For the purpose of this table, cross-media impacts refer to the potential to transfer and release mercury to media other than air, such as soil, ground water, and surface water.  For example,a


carbon filter beds and wet scrubbers remove mercury from air emissions but result in the generation and disposal of mercury-containing solid and liquid wastes, respectively.  In the case of
product substitution, cross-media impacts refer to the potential to decrease airborne emissions of mercury at one site but increase such emissions elsewhere.
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intended to present the range of available options and provide a relative sense of the extent of mercury
reductions achievable and the general magnitude of the cost of such reductions.


Pollution Prevention Measures


One possible means of achieving reductions in mercury emissions is through the use of pollution
prevention or source reduction.  Such approaches to achieving reductions involve changes in processes or
inputs to reduce or eliminate emissions of mercury from a particular product or process.  They could
include, for example, the replacement of mercury with an appropriate substitute or the use of low-
mercury constituents.


In considering opportunities for pollution prevention or source reduction it is important to
consider both the potential reductions achievable and the costs of these options.  Any consideration of
the potential reductions, should examine whether (and the extent to which) emission reductions from the
particular sources in question will yield reductions in risk to public health and the environment.  It is also
essential to understand the costs associated with implementing a pollution prevention measure, including
any changes in the quality of the end product.


Removing mercury-containing products such as batteries, fluorescent lights and thermostats
from the waste stream can reduce the mercury input to waste combustors without lowering the energy
content of the waste stream.  The mercury removal efficiency would vary, however, depending on the
extent of the separation. Many materials in wastes contain mercury.  Materials that comprise a large
portion of the waste stream, such as paper, plastic, dirt and grit and yard waste, contain very low
concentrations of mercury.  Therefore, obtaining appreciable mercury reduction from separation of these
types of materials would require separating a large fraction of the total waste stream.  Separating these
materials would counter the intended purpose of the combustion process, which is to disinfect and reduce
the volume of waste materials.


Other materials contain higher concentrations of mercury, but make up only a very small portion
(less than 1 percent )of the total waste stream.  These materials include mercuric oxide batteries,
fluorescent lights, thermostats and other electrical items.  Separation of such materials can reduce
mercury input to a combustor without removing any of the energy content of the waste stream.  To
evaluate a materials separation program, the feasibility and costs of separating a particular material
should be compared with the mercury emission reduction achieved.  Furthermore, the current and future
mercury reduction achieved by separating a certain material should be considered since the mercury
content of some items such as household batteries has already declined considerably.


Coal Cleaning


Coal cleaning is another option for removing mercury from the fuel prior to combustion.  In some
states, certain kinds of coal are commonly cleaned to increase its quality and heating value. 
Approximately 77 percent of the eastern and midwestern bituminous coal shipments are cleaned in order
to meet customer specifications for heating value, ash content and sulfur content.  Any reduction in
mercury content achieved by coal cleaning results in a direct decrease in mercury emissions from the
boiler.  The mercury removed by cleaning processes is transferred to coal-cleaning wastes, which are
commonly in the form of slurries.  No data are available to assess the emissions of mercury from coal-
cleaning slurries.  


Volume II of this Report (An Inventory of Anthropogenic Mercury Emissions in the United
States) presents available data on the mercury concentrations in raw coal, cleaned coal and the percent
reduction achieved by cleaning.  These data, which cover a number of different coal seams in four states
(Illinois, Pennsylvania, Kentucky and Alabama), indicate that mercury reductions range from 0 to 64
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percent, with an overall average reduction of 21 percent.  This variation may be explained by several
factors, including different cleaning techniques, different mercury concentrations in the raw coal and
different mercury analytical techniques.  It is expected that significantly higher mercury reductions can
be achieved with the application of emerging coal preparation processes.  For example, in one bench-
scale study, five types of raw coal were washed by conventional cleaning methods followed by column
froth floatation or selective agglomeration.  Conventional cleaning and column froth flotation reduced
mercury concentrations from the raw coals by 40 to greater than 57 percent, with an average of 55
percent.  Conventional cleaning and selective agglomeration reduced mercury concentrations from the
raw coals by greater than 63 percent to 82 percent, with an average of 68 percent.  In a second bench-
scale study in which three types of coals were cleaned with a heavy-media-cyclone (a conventional
cleaning method) followed by a water-only-cyclone and a column froth flotation system, mercury
concentrations in the raw coal were reduced by as much as 63 to 65 percent.  Bench-scale testing is also
being carried out by DOE to investigate the use of naturally occurring microbes to reduce mercury (and
other trace elements) from coal.


Alternative Approaches


There are a variety of flexible approaches for reducing the emissions of hazardous air pollutants. 
These include incentive- or market-based systems, “co-control,” and energy conservation and renewable
energy initiatives.


Incentive-based systems are tools that provide industry with more flexibility than traditional
regulatory programs.  In such a system, the regulatory agency generally sets a ceiling on allowable
emissions (a cap) for each source along with clear and certain penalties for missing the target, but
regulated entities have complete choice in how these targets will be met.  The cost to industry is
determined by the market and by the innovation used in meeting the cap.  Emissions cap programs allow
for increased incentives because sources that reduce emissions below their cap can sell the surplus
reduction to sources that cannot achieve their cap.  Trading is promising where sources have different
compliance costs, or where local environmental impacts are minimal.  Sources that reduce emissions
before they are required to do so can “bank” the excess reductions and save them for later.  Examples of
existing market-based programs include the SO2 allowance trading and NOx averaging programs
implemented under Title IV of the CAA Amendments to reduce acid deposition; the Regional Clean Air
Incentives Market Program and Rules developed in California to reduce emissions of NOx, SOx, and
reactive organic compounds; and U.S. EPA’s Lead Trading Program designed to reduce the emissions of
lead from gasoline in the mid-1980's.


Incentive-based systems to reduce mercury emissions, either through regulation or voluntary
means, may be attractive to utilities and other facilities for several reasons: to reduce mercury emissions
at a lower per unit cost, to insure against future regulation, to reduce the compliance costs of regulation,
to bank credits toward future regulatory requirements, to build experience with technology and to
demonstrate environmental leadership.  Also, incentive-based programs could provide financing for the
control of mercury among different industries (and potentially other countries) and may be a viable
option for utilities and other sources where cost-effective technologies have yet to be identified.


Co-control refers to the control of mercury by control devices or other management measures
that were designed or prescribed to limit the emissions of pollutants other than mercury.  Co-control can
also be achieved through the implementation of the National Ambient Air Quality Standards (NAAQS)
for ozone and particulate matter (PM).  In support of the revised ozone and PM NAAQS, the U.S. EPA
conducted numerous detailed analyses to predict what control approaches industry might use to achieve
the new standards.  Fuel switching, in which one fuel is switched to another (e.g., high-sulfur coal to low-
sulfur coal, or coal to natural gas) to achieve emissions reductions, is also an alternative to direct control.
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U.S. EPA estimates that implementation of the New Fine Particle Standard for ambient air
quality through a regional control strategy that significantly reduces SOx below the CAA’s Title IV
requirements can indirectly lower forecasted mercury emissions in 2010 by about 11 tons from electric
power generation by units burning fossil fuels.  This reduction occurs from both the additions of flue gas
desulfurization units (scrubbers) at coal-fired boilers to lower SOx emissions and through greater
reliance by the power industry on producing electricity from natural gas as another way to reduce SOx. 
In the Regulatory Impact Analysis for the new NAAQS, U.S. EPA estimated that in 2010 a regional SOx
reduction strategy for the electric power industry to lower fine particle formation will lead to the
installation of scrubbers on additional 60 GWs of coal-fired capacity (increasing forecasted scrubber
capacity under Title IV by about two-thirds).  U.S. EPA assumes that scrubbers remove close to 30
percent of the mercury contained in coal flue gas.  U.S. EPA also estimated that electricity produced
from natural gas would increase by 16 percent above baseline levels.  Natural gas combustion produces
negligible levels of mercury emissions.


Title IV of the CAA also encourages energy conservation measures and use of renewable energy
as a long-term strategy for reducing air pollution and other adverse effects of energy production and use. 
Renewable energy is defined as energy that is derived from biomass, solar, geothermal or wind.


Flue Gas Treatment Technologies


Most metals have sufficiently low vapor pressures at typical air pollution control device
operating temperatures that condensation onto particulate matter is possible.  Mercury, on the other hand,
has a high vapor pressure at typical control device operating temperatures, and collection by particulate
matter control devices is highly variable. 


 In Volume VIII of this Report (An Evaluation of Mercury Control Technologies and Costs),
add-on controls to reduce mercury emissions are described in detail including information on commercial
status, performance, applicability to the specified mercury emission sources, and secondary impacts and
benefits.  The controls described are:


� Carbon filter beds;
� Wet scrubbing for waste combustors and utility boilers;
� Depleted brine scrubbing;
� Treated activated carbon adsorption; 
� Selenium filters; and 
� Activated carbon injection.


The most important conclusions from the assessment of flue gas treatment technologies include:


�  Factors that enhance mercury control are low temperature in the control device system
(less than 150 �Celsius [�C] [300 to 400 �Fahrenheit (�F)]), the presence of an effective
mercury sorbent and a method to collect the sorbent.  In general, high levels of carbon in
the fly ash enhance mercury sorption onto particulate matter which is subsequently
removed by the particulate matter control device.  Additionally, the presence of hydrogen
chloride (HCl) in the flue gas stream can result in the formation of mercuric chloride
(HgCl ), which is readily adsorbed onto carbon-containing particulate matter, or can be2
efficiently scrubbed by a wet FGD system.  Conversely, sulfur dioxide (SO ) in flue gas2
can act as a reducing agent to convert oxidized mercury to elemental mercury, which is
more difficult to collect.


� Conversion of mercury cell chlor-alkali plants to a mercury-free process is technically
feasible and has been previously demonstrated.
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� Control technologies designed for control of pollutants other than mercury (e.g., acid
gases and particulate matter) vary in their mercury-removal capability, but in general
achieve reductions no greater than 50 percent (except for high removal efficiencies for
HgCl  by wet scrubbers) .  2


� Selenium filters are a demonstrated technology in Sweden for control of mercury
emissions from lead smelters.  Carbon filter beds have been used successfully in
Germany for mercury control on utility boilers and MWC’s.  These technologies have
not been demonstrated in the U.S. for any of these source types.


� Injection of activated carbon into the flue gas of MWC’s and MWI’s can achieve
mercury reductions of at least 85 percent.  The addition of activated carbon to the flue
gas of these source types would not have a significant impact on the amount of
particulate matter requiring disposal.


� No full-scale demonstrations of activated carbon injection for utility boilers have been
conducted in the U.S.  Based on limited pilot-scale testing, activated carbon injection
provides variable control of mercury for utility boilers (e.g., the same technology might
capture 20 percent of the mercury at one plant and 80 percent at another).  The most
important factors affecting mercury control on utility boilers include the flue gas volume,
flue gas temperature and chloride content, the mercury concentration and chemical form
of mercury being emitted. 


� The chemical species of mercury emitted from utility boilers vary significantly from one
plant to another.  Removal effectiveness depends on the species of mercury present.  To
date, no single control technology has been identified that removes all forms of mercury.


� The addition of activated carbon to utility flue gas for mercury control would
significantly increase the amount of particulate matter requiring disposal.


Cost of Controls


The overall approach for assessing the cost of “end-of-pipe” flue gas treatment technologies was
to select a subset of source categories on the basis of either their source category emissions in the
aggregate or their potential to be significant point sources of emissions.  Consideration was also given to
whether a particular source category was a feasible candidate for application of a control technology-
based standard under section 112 of the CAA.  The cost analyses cover four source categories: 
municipal waste combustors (MWC), medical waste incinerators (MWI), chlor-alkali plants, and utility
boilers.


In addition to determining the cost effectiveness of applying mercury control technology, a
financial analysis was performed to evaluate the affordability of mercury control (in terms of potential
price increases or impacts on financial impact) for the selected source categories.
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Table 4-2
Potential Mercury Emission Reductions and Costs for Selected Source Categories


Mercury Source Category Facilities Inventory Mercury Control Techniques Reductions Costs removed)
Number of Emission Potential National National Annual ($/lb of mercury


% of U.S.
Mercury Potential Cost-Effectiveness


a b c


Municipal waste combustors 129 18.7 Material separation 26 tons $11.4-47 million $211-870
Product substitution (90% reduction)
Activated carbon injection By 2000, based on
Carbon filter beds final emissions
Polishing wet scrubber guidelines


Medical waste incinerators ~2,400 10.1 Material separation 15 tons $60-120 million $2,000-$4,000
Wet scrubber or dry scrubber with carbon (95% reduction)  
Activated carbon injection By 2000, based on


final emissions
guidelines


d d


Coal-fired utility boilers 426 32.6 Fuel switching 37 tons $5 billion $67,700-70,000
(1,043 Advanced coal cleaning (90% reductions) 
boilers) Activated carbon injection


Carbon filter beds


e


Co-control: ozone and PM NAAQS 11 tons No incremental No incrementalf


mercury control costs mercury control costs


Chlor-alkali plants using the 14 4.5 Process modification 7.1 tons $65 million $4,590
mercury cell process Depleted brine scrubbing (100% reduction)


Treated activated carbon adsorption


Total ~3,600 65.9 ~$5.2 billion


NOTE:  The underlined mercury control techniques are the techniques on which potential national reductions and potential national annual costs are based.


 Estimated reductions assuming every facility could achieve the reduction listed.a


 Potential national costs are estimates only and assume all facilities would incur the same costs as the model plants used in the analysis.b


 Where cost-effectiveness values are presented as a range, the values reflect the range across facilities of different sizes.c


 Cost of control should not be attributed to mercury control alone.  Wet scrubbers efficiently remove nine other pollutants from the MWI flue gas as required by the emission guidelines for MWIs.d


 The potential national reductions reflects sufficient amounts of activated carbon to control mercury emissions from coal-fired utility boilers by 90 percent.  Activated carbon injection has not beene


demonstrated for a full-scale utility boiler application.  Control costs are upper bound based on high temperature activated carbon injection.  The 37 tons reduction is 90 percent of 41 tons, accounting
for the 11 ton reduction from the ozone and PM NAAQS.  
Assumes some fuel switching and additional installation of wet xcrebbers which are asumed to remove 30 percent.f 
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Table 4-2 presents the four source categories for which a control technology and cost analysis
was performed.  The selection of a particular type of control for the cost analysis should not be construed
to mean that the U.S. EPA has selected, or has preference for, this technology for a given source
category.  The table presents the number of facilities in each category and the percent contribution of
each to the national inventory.  Potential national mercury reductions, potential national control costs and
cost-effectiveness estimates are also presented.  These estimates are based on the assumption that all
plants within a source category will achieve the same reductions and incur the same costs as the model
plants used in the analysis.  Because this assumption would not be applicable in all circumstances, the
estimates of potential reductions and costs should be used only for relative comparisons among the
source categories to give an initial indication as to where mercury controls could provide the most
emission reduction for the least cost.


The cost of mercury control incurred by any specific facility may be underestimated by the cost
analysis presented in this Report because of variability inherent in the assumptions that were made in the
analyses.  These assumptions include the efficiency of the various control techniques for reducing
mercury, the amount of mercury in the flue gas stream and other site-specific factors such as down-time
and labor costs.  In addition, costs for monitoring and recordkeeping were not included in the cost
analyses.  These requirements would be specific to a regulatory action.  On the other hand, the costs
represent retrofit application of controls.  Installation of controls at new facilities can be significantly less
expensive than retrofitting an existing facility.


The estimates of cost for mercury reductions also do not illustrate two important considerations. 
One is that, as presented, all of the cost of control could mistakenly be attributed to mercury removal.  As
described previously in this Report, many of these controls achieve reductions of other pollutants as well
(e.g., acid gases, dioxin, other metals).  In some cases (e.g., the emission guidelines for MWI), the choice
of control technology or control strategy is aimed at reducing pollutants other than mercury.  In these
cases, there is a co-control benefit of mercury reduction.  The benefits of reducing other pollutants should
be considered when interpreting the mercury control costs.  Second, the technologies available for
mercury control represent relatively new applications of these technologies.  Thus, in the future, it is
likely that as new or emerging technologies develop, the cost-effectiveness of control will improve.  Air
pollution control and prevention techniques are continuously under development and improvement. 
There is a fairly rapid pace of innovation in the air pollution control sector.  The demand for cleaner
products and cleaner processes that lower overall costs, combined with the necessity for improved air and
water quality, create strong incentives for technological innovation and a growing market for such
innovations.  As the demand for more innovative, cost-effective and cost-saving technologies increase,
new technologies will move from the research and development or pilot program phase to commercial
availability.


While existing technology will play a key role in reducing mercury from some sources, emerging
technology may be more appropriate for others.  Innovations in environmental policies may also play a
key role in developing a national management strategy for mercury.  These innovations could include
multi-media approaches, greater emphasis on pollution prevention, regional control strategies and
optimization of co-control opportunities.  


Ongoing U.S. EPA Activities to Reduce Mercury in the Environment


Mercury is a priority pollutant across numerous U.S. EPA programs including air, water,
hazardous waste and pollution prevention. There are numerous activities currently underway to reduce
mercury emissions and releases to the environment.  A number of these activities are described below
which reflect the broad scope U.S. EPA’s approach to the mercury issue.
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Clean Air Act Initiatives


The U.S. EPA already has efforts underway to reduce mercury emissions from industrial sources. 
Specific actions being taken under the Clean Air Act include the following:


� The U.S. EPA has promulgated final emission limits for municipal waste combustors and
medical waste incinerators under the authority of section 129 of the CAA.  Emission
standards have also been proposed for hazardous waste incinerators.


� The U.S. EPA is evaluating the impacts of mercury reductions for the following source
categories:  commercial/ industrial boilers, chlor–alkali plants using the mercury cell
process and portland cement kilns.


� The U.S. EPA plans to evaluate whether secondary mercury production should be added
to the source category list under section 112(c) of the CAA and subsequently evaluated
for regulation under the authority of section 112(c)(6).


� Numerous CAA requirements involve utilities either directly or indirectly.  Section
112(n)(1)(B) which required this Mercury Study Report to Congress specified utility
boilers for analysis as did section 112(n)(1)(A) which is referred to as the Utility Air
Toxics Report to Congress (Utility Study).  The Utility Study is charged with evaluating
the hazards to public health reasonably anticipated to occur as a result of emissions by
electric utility steam generating units of pollutants listed under Section 112(b), including
mercury, and to evaluate the impact of other provisions of the CAA on these emissions. 
The other provisions of the CAA would include the Acid Rain program as well as
provisions pertaining to National Ambient Air Quality Standards.  The Utility Study is
also required to offer a regulatory recommendation with respect to regulation of utility
boilers under section 112 of the CAA.


� The �Great Waters� program (section 112(m)) is an ongoing study with biennial reports
to Congress required.  The program must identify and assess the extent of atmospheric
deposition of hazardous air pollutants (including mercury) to the Great Lakes and other
specified waters, the environmental and public health attributable to atmospheric
deposition and the contributing sources.  Two reports have been submitted to Congress
which address these issues.


Mercury Task Force


To address cross�media issues, additional pollution prevention options and regulatory
authorities, the U.S. EPA has established a Mercury Task Force to consider strategies for coordinating
various programs for use, management and disposal of mercury.  The Task Force has recommended to
the Department of Defense that the Defense Logistics Agency suspend sales of mercury from federal
stockpiles through the fiscal year 1996 sales cycle, and are in the process of developing an environmental
impact assessment.


The Mercury Task Force continues to consider several approaches for reducing mercury releases
and environmental and human health risks associated with mercury exposure.  A wide range of options,
within a multi�media framework, advocating common�sense pollution prevention programs are being
considered.  Some areas which the Task Force will explore include evaluation and information transfer
of ongoing prevention and control efforts at local, national and international levels; consideration of
pollution prevention ideas including product substitution and innovation; recycling and disposal options;
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research and science needs; and coordination within U.S. EPA for consistent mercury regulatory
programs, as well as coordination with Federal agencies managing mercury.


The findings of the Mercury Study Report to Congress will be considered by the Mercury Task
Force as it develops a U.S. EPA mercury strategy.


Virtual Elimination Project


U.S. EPA and Environment Canada are actively developing strategies to achieve the Great Lakes
Water Quality Agreement's (GLWQA’s) goal that persistent toxic substances should be "virtually
eliminated" from the Great Lakes.  Because toxic substances enter the Great Lakes from ongoing
economic activities, as well as from sites contaminated by past activities, eliminating toxic substances
from the Great Lakes requires a three-pronged approach that:


� Reduces the use of toxic substances at the source, through pollution prevention efforts;


� Reduces toxic substance discharges, emissions and other ongoing releases through
treatment or other management techniques; and


� Cleans up sites of past contamination, such as contaminated sediments or areas of
concern, through remediation efforts.


A central theme underlying the virtual elimination project is that opportunities may exist to alter
the decisionmaking environment in which individuals and firms choose to use and release toxic
chemicals in their ongoing activities.  The project focuses on government actions -- or "signals" -- such
as regulatory or voluntary programs that influence the economic and legal costs and benefits associated
with using a particular chemical.  These signals, which translate into costs for an affected entity, can
motivate individuals and firms to choose pollution prevention based on their own economic interests.


Other Pollution Prevention Programs


U.S. EPA is working with state and local governments to develop a national network of
prevention programs that will assist regulators at all levels of government in promoting pollution
prevention.  To that end,  U.S. EPA is providing funding support, technical assistance, information
dissemination and forming federal/state/local government partnerships to focus efforts on pollution
prevention as the national goal for environmental management.  


State and federal partnerships have already led to actions that will reduce mercury loadings to the
environment.  For example, the National Wildlife Federation, funded in part by U.S. EPA, has recently
released a report detailing how hospitals in Detroit, Michigan; Grand Rapids, Michigan; Boston,
Massachusetts; and Duluth, Minnesota have successfully reduced mercury releases by applying pollution
prevention principles. This report contains practical and cost effective suggestions for improving the
environmental performance of hospitals and to help them meet increasingly stringent limits in regulatory
permits.  Industry groups have also made advances in pollution prevention (see text box below on
Chrysler Corporation).  


U.S. EPA is working continually to incorporate pollution prevention into the mainstream of its
work.  Over the last six years, the agency has undertaken a concerted effort to find the best ways to
incorporate prevention into regulations and permitting.  For example, in 1992, U.S. EPA began an effort
to evaluate pollution prevention options for a number of new regulations under development.  This effort,
called the Source Reduction Review Project, required U.S. EPA’s media offices to identify multi-media
approaches to addressing air, water and solid waste regulations.  Another program, U.S. EPA’s Common
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Life Cycle Cost Management in the Auto Industry


Industry remains at the center of pollution prevention activities.  Studies have shown that the
economic benefits can be compelling arguments in favor of pollution prevention, but only when
managers are able to see the cost savings that pollution prevention would bring.  Environmental
accounting is the key factor in demonstrating to businesses the value of prevention.  The following
serves as a specific example of pollution prevention in practice to reduce mercury loadings.


The Chrysler Corporation is now removing or replacing all mercury switches that have been
traditionally used in its underhood convenience light applications.  Chrysler has done so as a result of
the application of life cycle cost management methodologies that are advocated by the U.S. EPA
Pollution Prevention Division’s Environmental Accounting Project.  This Project is a cooperative
effort with business, academia and others to promote sound management accounting and capital
budgeting practices which better address environmental costs.  The project encourages and motivates
business to understand the full spectrum of environmental costs and integrate these costs into decision
making.  Chrysler is partnering with the Project to share its environmental accounting experience and
case studies with the 800-plus members of the Project-facilitated Environmental Accounting Network.


  By applying the principles of environmental accounting, the Chrysler Corporation determined
that it could cost-effectively replace the mercury switches with a rolling ball switch or remove the
switches altogether.  For the first group of cars on which Chrysler tested the feasibility of substitution
and removal, it determined that it could avoid $40,000 in costs.  Most of those costs were associated
with the documentation of the removal of mercury switches from the vehicle before disposal, and with
the potential liability for any mercury that enters the environment following vehicle disposal. After
conducting their own total cost analyses, other auto manufacturers are now following suit and are
actively removing mercury switches from their own automobiles.


Sense Initiative, created a pollution prevention framework for environmental protection on an industry-
by-industry basis by focusing on opportunities to change complicated or inconsistent environmental
requirements into comprehensive strategies.  The goal of each of these programs is a cleaner environment
at less costs to taxpayers.


In addition, and on a broader scale, U.S. EPA is currently developing a long-term plan to mitigate
the risks associated with mercury and other chemicals of concern under its Persistent, Bioaccumulative
and Toxic (PBT) Chemicals strategy by using pollution prevention principles.  Through its current efforts
on the PBT strategy, U.S. EPA will focus these activities more intensively on the key persistent,
bioaccumulative pollutants, especially mercury.  U.S. EPA expects that through partnership with states
and local organizations, and in collaboration with industry, there will be more opportunities to use
pollution prevention as a means to mitigate the potential risk to human health and the environment
associated with exposure to mercury. 


International Activities


On an international level, mercury is being addressed as part of the Great Lakes Binational
Toxics Strategy and the North American Regional Action Plan, among other efforts.  These two
initiatives are summarized below.


Binational Strategy
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The Great Lakes Binational Toxics Strategy, which was signed between Canada and the United
States on April 7, 1997 (U.S. EPA and Environment Canada, 1997), was developed to help achieve the
objectives of the 1987 GLWQA.  Although both Canada and the United States have domestic virtual
elimination strategies as described above, a coordinated strategy is necessary for the greatest reduction in
toxic substances throughout the Great Lakes Basin. 


The Binational Strategy provides the framework to achieve quantifiable goals in a specified time
frame (1997 to 2006) for targeted persistent toxic substances, especially those which bioaccumulate.  The
Strategy recommends that goals be accomplished through a four-step process:


� Gather information on generation, uses, and sources of the pollutant within and outside
the Great Lakes Basin;


� Analyze current regulatory and non-regulatory programs and initiatives that manage or
control the pollutants and identify the gaps in these regulations that offer opportunities
for reductions;


� Develop cost-effective options and provide recommendations for increasing the pace and
level of reductions; and


� Recommend and implement actions to achieve goals.


Mercury and mercury compounds are considered immediate priorities and are targeted for reduction and
eventual virtual elimination through pollution prevention and other incentive-based actions. 


Both the United States and Canada have set �challenge� goals to achieve reductions through
implementation of voluntary efforts and regulatory actions.  One of these challenges is the commitment
of these countries to work together to assess atmospheric inputs of persistent toxic substances to the
Great Lakes, with the goal of evaluating and reporting jointly on the contribution and significance of
long-range transport of these substances from worldwide sources.  Efforts will be made to work within
the existing international framework to reduce releases of such pollutants from remaining long-range
sources.


North American Regional Action Plan


The North American Regional Action Plan (NARAP) is one of a number of regional
undertakings that stem from the North American agreement on Environmental Cooperation between the
governments of Canada, the united Mexican states and the United States of America (Parties).  The
NARAP calls for the development of regional action plans for selected persistent and toxic substances as
a first priority in the Parties’ common desire to address national and regional concerns associated with
the sound management of chemicals.


The action plans are designed to reflect a long-term commitment to regional action.  The sharing
and transfer of information and best practices are seen as an important means of enhancing national
capacity for the sound management of chemicals.  Other important elements and outcomes of these
cooperative initiatives include collaboration and cooperation in the measurement, monitoring, modeling,
research and assessment of selected persistent and toxic substances in environmental media.  Such
cooperation will improve the quality, availability and relevance of the “environmental information”
needed to make informed and responsible decisions throughout the implementation of the action plans.


Mercury is one of the targeted chemicals and has its own action plan designed to unite the Parties
in their joint and differentiated efforts to reduce the exposure of North American ecosystems, fish and
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wildlife, and especially humans, to mercury through the prevention and reduction of anthropogenic
releases of mercury to the North American environment.  The objectives of the action plan are to reduce
mercury levels in and fluxes among environmental media in order to prevent or minimize exposure to
ecosystems, fish and wildlife, and humans.


Implementation on the mercury action plan is predicated on the following objectives:


� Building on existing initiatives.  Examples include the Great Lakes Binational Toxics
Strategy, described above.


� Promoting North American regional and global activities.  The mercury action plan will
promote regional actions to reduce mercury emissions and serve as an example for
initiatives under development throughout the region and globally.


� Best practices.  The action plan will promote the sharing, transfer, and general adoption
of policies, programs, technologies, and other measures that have proven to be cost-
effective and environmentally appropriate.


� Challenging stakeholders to take cooperative action on mercury.  The action plan
promotes stakeholder partnerships in information and technology exchanges.


� Improving scientific understanding.  The action plan will use government and private-
sector partnerships to fund research and monitoring, and to advance the science and
technology state-of-knowledge for mercury.


� Capacity building in Mexico.  The Parties are committed to working cooperatively to
build Mexico’s capacity with respect to the prevention and reduction of anthropogenic
releases of mercury and the sound management of mercury. 


� Extended Americas.  The Parties agree to actively promote cooperation with other
countries to promote pertinent initiatives.


Specific actions outlined for mercury include a series of workgroups and workshops to assess the current
knowledge on mercury issues and compile information into shared databases.  An implementation
committee will provide oversight of the action plan.
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5. RESEARCH NEEDS


The following sections summarize the major research needs identified for each of the study areas
addressed in this Report.


Anthropogenic Mercury Emissions in the United States


An effort has been made to characterize the uncertainties (at least qualitatively) in the emissions
estimates for the various source categories described.  There are inherent uncertainties in estimating
emissions using emission factors.  To reduce these uncertainties, a number of research needs remain,
including the following.


1. Source test data are needed from a number of source categories that have been identified
as having insufficient data to estimate emissions.  Notable among these are mobile
sources, landfills, agricultural burning, sludge application, coke ovens, petroleum
refining, residential woodstoves, mercury compounds production and zinc mining.  A
number of manufacturing sources were also identified as having highly uncertain
emissions estimates.  Notable among this category are secondary mercury production,
commercial and industrial boilers, electric lamp breakage, primary metal smelting
operations and iron and steel manufacturing.  The possibility of using emissions data
from other countries could be further investigated.


2. Development and validation of a stack test protocol for speciated mercury emissions is
needed.


3. More data are needed on the efficacy of coal cleaning and the potential for slurries from
the cleaning process to be a mercury emission source.


4. More data are needed on the mercury content of various coals and petroleum and the
trends in the mercury content of coal burned at utilities and petroleum refined in the U.S.


5. Additional research is needed to address the potential for methylmercury to be emitted
(or formed) in the flue gas of combustion sources.


6. The importance (quantitatively) of re-emission of mercury from previously deposited
anthropogenic emissions and mercury-bearing mining waste needs to be investigated. 
This would include both terrestrial and water environments.  Measuring the flux of
mercury from various environments would allow a determination to be made of the
relative importance of re-emitted mercury to the overall emissions of current
anthropogenic sources.


7. Determination of the mercury flux from natural sources would help determine the impact
of U.S. anthropogenic sources on the global mercury cycle as well as the impact of all
mercury emissions in the United States.


8. The use of more sophisticated fate and transport models for mercury will require more
detailed emissions data, particularly more information on the chemical species of
mercury being emitted (including whether these species are particle-bound) and the
temporal variability of the emissions.
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Mercury Fate and Transport Modeling


During the development of the mercury fate and transport assessment, many areas of uncertainty
and significant data gaps were identified.  Many of these have been identified in the document, and
several are presented in the following list.


1. Improved analytical techniques for measuring speciated mercury air emissions are
needed as well as total mercury emissions from point sources.  Laboratory evidence
suggests that divalent mercury gas emissions will wet and dry deposit much more readily
than elemental mercury gas.  Particle-bound mercury is also likely to deposit relatively
quickly.  Current stack sampling methods do not provide sound information about the
fraction of mercury emissions that are in oxidized form.  While filters are used to
determine particulate mercury fractions, high temperature stack samples may not be
indicative of the fraction of mercury that is bound to particles after dilution and cooling
in the first few seconds after emission to the atmosphere.  Methods for determination of
the chemical and physical forms of mercury air emissions after dilution and cooling need
to be developed and used to characterize significant point sources.


2. Evaluated local and regional atmospheric fate and transport models are needed.  These
models should treat all important chemical and physical transformations which take
place in the atmosphere.  The development of these models will require comprehensive
field investigations to determine the important atmospheric transformation pathways
(e.g., aqueous cloud chemistry, gas-phase chemistry, particle attachment, photolytic
reduction) for various climatic regions.


3. The evaluation of these models will require long-term national (possibly international)
monitoring networks to quantify the actual air concentrations and surface deposition
rates for the various chemical and physical forms of mercury.


4. Better understanding of mercury transport from watershed to water body including the
soil chemistry of mercury, the temporal aspects of the soil equilibrium and the impact of
low levels of volatile mercury species in surface soils and water bodies on total mercury
concentrations and equilibrium.


5. Better understanding of foliar uptake of mercury and plant/mercury chemistry.  (The
most important questions:  do plants convert elemental or divalent mercury into forms of
mercury that are more readily bioaccumulated?  Do plants then emit these different
forms to the air?)  A better understanding of the condensation point for mercury is
needed.


6. Better understanding of mercury movement from plant into soil (detritus).  May need to
refine the models used to account for movement of mercury in leaf litter to soil.


7. The impact of anthropogenic mercury on the "natural," existing mercury levels and
species formed in soil, water, and sediments needs better understanding.  How does the
addition of anthropogenic mercury affect "natural" soil and water mercury cycles? 
Natural emission sources need to be studied better and their impacts better evaluated.


8. Improved understanding of mercury flux in water bodies and impact of plant and animal
biomass are needed.  Unlike many other pollutants, most of the methylmercury in a
water body appears to be in the biological compartment.  The sedimentation rate as well
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as benthic sediment:water partition coefficient require field evaluation.  Important to
consider rivers and other larger water bodies in these flux analyses.


Exposure from Anthropogenic Mercury Emissions in the United States


1. To improve the quantitative exposure assessment modeling component of the risk
assessment for mercury and mercury compounds, U.S. EPA would need more and better
mercury emissions data and measured data near sources of concern, as well as a better
quantitative understanding mor mercury chemistry I the emission plume, the atmosphere,
soils, water bodies, and biota.


2. To improve the exposure estimated based on surveys of fish consumption, more study in
needed among potentially high-end fish consumers, which examines specific biomarkers
indicating mercury exposure (e.g., blood mercury concentrations and hair mercury
concentrations).


3. A pharmacokinetic-based understanding of mercury partitioning in children is needed. 
Additional studies of fish intake and methylmercury exposure among children are
needed.


Health Effects of Mercury and Mercury Compounds


1. In addition to the ongoing studies identified in the health effects review, further research
is necessary for refinement of the U.S. EPA's risk assessments for mercury and mercury
compounds.  In order to reduce uncertainties in the current estimates of the oral
reference doses (RfDs) and inhalation reference concentrations (RfCs), longer-term
studies with low-dose exposures are necessary.  In particular, epidemiological studies
should emphasize comprehensive exposure data with respect to both dose and duration
of exposure.  Some studies should be targeted to populations identified in this Report as
likely to experience methylmercury exposure in fish (e.g., subsistence fishers).


2. The current RfD and RfC values have been determined for the most sensitive toxicity
endpoint for each compound; that is, the neurological effects observed following
exposure to elemental or methylmercury, and the renal autoimmune glomerulonephritis
following exposure to inorganic mercury.  For each of these compounds, experiments
conducted at increasingly lower doses with more sensitive measures of effect will
improve understanding of the respective dose-response relationships at lower exposure
levels and the anticipated thresholds for the respective effects in humans.  Similar
information from developmental toxicity studies would allow determination of RfDs for
developmental toxicity (RfD ) for elemental and inorganic mercury.dt


3. Research needs include studies which will delineate the most appropriate indicators of
neurotoxic effects for exposed adults, children and individuals exposed to
methylmercury in utero. Well conducted studies are also needed to clarify critical levels
at which other toxic effects could occur in humans. 


4. Well-conducted studies are also needed to clarify exposure levels at which toxic effects
other than those defined as �critical� could occur in humans.  For all three forms of
mercury, data are inadequate, conflicting, or absent for the following:  adverse
reproductive effects (effects on function or outcome, including multigeneration
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exposure); impairment of immune function; and genotoxic effects on human somatic or
germinal cells (elemental and inorganic mercury).


 5. Investigations that relate the toxic effects to biomonitoring data will be invaluable in
quantifying the risks posed by these mercury compounds.  In addition, work should
focus on subpopulations that have elevated risk because they are exposed to higher levels
of mercury at home or in the workplace, because they are also simultaneously exposed to
other hazardous chemicals, or because they have an increased sensitivity to mercury
toxicity.


6. There are data gaps in the carcinogenicity assessments for each of the mercury
compounds.  The U.S. EPA's weight-of-evidence classification of elemental mercury
(Group D) is based on studies in workers who were also potentially exposed to other
hazardous compounds including radioactive isotopes, asbestos, or arsenic.  There were
no appropriate animal studies available for this compound.  Studies providing
information on the mode of action of inorganic mercury and methylmercury in
producing tumors will be of particular use in defining the nature of the dose response
relationship.


7. The assessment of both noncarcinogenic effects and carcinogenic effects will be
improved by an increased understanding of the toxicokinetics of these mercury
compounds.  In particular, quantitative studies that compare the three forms of mercury
across species and/or across routes of exposure are vital for the extrapolation of animal
data when assessing human risk.  For elemental mercury there is a need for quantitative
assessment of the relationship between inhaled concentration and delivery to the brain or
fetus; in particular the rate of elemental to mercuric conversion mediated by catalase and
the effect of blood flow.  Such assessment is needed for evaluation of the impact of
mercury exposure from dental amalgam.


8. Work has been done on development of physiologically-based pharmacokinetic models. 
While one of these has developed a fetal submodel, data on fetal pharmacokinetics are
generally lacking.  The toxicokinetics of mercury as a function of various developmental
stages should be explored.  Elemental mercury and methylmercury appear to have the
same site of action in adults; research is, therefore, needed on the potential for
neurotoxicity in newborns when the mother is exposed.  This work should be
accompanied by pharmacokinetic studies and model development.


Ecological Assessment for Anthropogenic Mercury Emissions in the United States


1. Process-based Research. Mechanistic information is needed to understand the variability
that presently typifies the mercury literature.  This research includes laboratory and field
studies to identify the determinants of mercury accumulation in aquatic food chains and
kinetic information that would allow researchers to describe the dynamics of these
systems.  Areas of uncertainty include:  (1) translocation of mercury from watersheds to
waterbodies; (2) factors that determine net rates of methylation and demethylation; (3)
dietary absorption efficiency from natural food sources; (4) effect of dietary choice; and
(5) bioavailability of methylmercury in the presence of dissolved organic material and
other potential ligands.  In time, it is anticipated that this information can be used to
develop process-based models for mercury bioaccumulation in fish and other aquatic
biota.  Significant progress in this direction is represented by the Mercury Cycling Model
(MCM) (Hudson et al., 1994) and by the ISC3M model described in Volume III of this
Report and employed in the wildlife exposure characterization.
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2. Wildlife Toxicity Data. There is a need to reduce the present reliance on a relatively few
toxicity studies for WC development.  Additional data are needed for wildlife that
constitute the most exposed organisms in various parts of the country, and in particular
there is need to evaluate whether dietary selenium and endogenous demethylating
pathways confer protection to piscivorous birds and mammals.  Toxicity studies should
examine endpoints relevant to the mode of action of methylmercury, including
assessments of both reproductive and behavioral effects.  There is also a critical
requirement for toxicity data (e.g., growth and fecundity) that can be related to effects on
populations, including effects on organisms that comprise the lower trophic levels.  


3. Improved Analytical Methods.  Efforts to develop and standardize methods for analysis
of total mercury and methylmercury in environmental samples should be continued. 
Such methods must recognize the importance of contamination, both during the
collection of such samples and during their analysis.  It is particularly important that
mercury measurements, which at present tend to be operationally defined (e.g., "soluble"
or "adsorbed to organic material"), be made in such a way that mercury residues in fish
can be correlated with the bioavailable mercury pool.  Whenever possible, water samples
should be filtered to obtain a measure of dissolved mercury species.  As validated
methods become available, it is important to analyze for both total and methylmercury so
that differences between aquatic systems can be definitively linked to differences in
methylmercury levels.  Analyzing the two mercury species together will contribute to an
understanding of existing data, much of which is reported as total mercury.


4. Complexity of Aquatic Food Webs.  Present efforts to develop WC values for mercury
are based on linear, four-tiered food chain models.  Research is needed to determine the
appropriateness of this simple paradigm and to develop alternatives if field data suggest
otherwise.  Of particular interest is whether zooplankton and phytoplankton should be
modeled as two different trophic levels.  Current information for detritivores and benthic
invertebrates is extremely limited, even though their importance in mobilizing
hydrophobic organic contaminants has been demonstrated.


5. Accumulation in Trophic Levels 1 and 2. Ongoing efforts to understand mercury
bioaccumulation in aquatic systems continue to be focused on trophic levels 3 and 4,
despite the fact that uncertainties in PPFs are relatively small.  Additional emphasis
should be placed on research at the lower trophic levels.  In particular, there is a need to
understand the determinants of mercury accumulation in phytoplankton and zooplankton
and how rapid changes in plankton biomass impact these values.


6. Field Residue Data. High-quality field data are needed to support process-based research
efforts and to determine residue concentrations in the fish and other aquatic biota that
wildlife eat.  Whenever possible, it is desirable to collect residue data at all trophic levels
and to analyze mercury levels in the abiotic compartments of a system (e.g., water and
sediments).  It is particularly important that such measurements be made in a broader
array of aquatic ecosystem types (including both lakes and rivers) so that a better
understanding of mercury cycling and accumulation can be obtained.  


Residue data from wildlife are needed to identify populations that are potentially at risk. 
Feathers and fur hold considerable promise in this regard due to the potential for "non-
invasive" determination of mercury residues.  Laboratory research is required, however,
to allow interpretation of these data.  Factors such as age, sex, and time to last molt are
likely to result in variability among individuals of a single population and need to be
understood.  Whenever possible, tissue samples should be analyzed for both total and
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methylmercury, as well as selenium.  This is especially true of the liver.  More attention
should be given to analysis of mercury levels in brain tissue, since this is the primary site
of toxic action.  Sampling efforts with wildlife should be accompanied by analyses of
likely food items.  


7. Natural History Data. The development of WC values requires knowledge of what
wildlife eat.  Fish sampling efforts are frequently focused on species that are relevant to
human consumers but that may be of little significance to wildlife.  There is an additional
need to collect information for macroinvertebrates and amphibians.  Seasonal and spatial
effects on predation should be explored and methods developed to describe this
information adequately.  Additional life history data is needed to characterize fully the
nature and extent of exposure to mercury.  Complicating factors must be considered,
including migratory behaviors and sex-specific differences in distribution and resource
allocation.  It is particularly important that information be collected to support the
development of predictive population models for sensitive species.  Such models must
account for immigration and emigration, density dependent factors, and the observation
that mercury often bioaccumulates as animals age resulting in variable residues in
breeding animals from a single population.


Risk Characterization


1. A monitoring program is needed to assess either blood mercury or feather/hair mercury
of piscivorous wildlife; particularly those in highly impacted areas.  This program should
include assessment of health endpoints including neurotoxicity and reproductive effects.


2. There is a need to collect additional monitoring data on hair or blood mercury and assess
health endpoints among women of child-bearing age and children.  This study should
focus on high-end fish consumers and on consumption of fish from contaminated water
bodies.


3. There is a need for improved data on effects that influence survival of the wildlife
species as well as on individual members of the species.


4. There is a need for controlled studies on mercury effects in intact ecosystems.


5. Monitoring data sufficient to validate or improve the local impact exposure models are
needed.


Mercury Control Technologies


1. Data from full-scale testing of activated carbon injection at a coal-fired utility boiler.


2. Additional data on the efficiency of various sorbents including fly ash-based sorbents,
activated carbon, impregnated carbons and other types of sorbents, in reducing the
different chemical species of mercury present in flue gas.


3. Information on the cost-effectiveness and commercialization costs of other technologies
for mercury control that are currently in the research stage.  These include impregnated
activated carbon, sodium sulfide injection, activated carbon fluidized bed and other types
of sorbents.
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4. Additional data on the ability and cost of conventional or advanced coal cleaning
techniques to remove mercury from raw coal.  The potential for mercury emissions from
coal-cleaning slurries needs to be characterized.


5. Additional data on the fundamental mechanisms responsible for conversion of mercury
to other chemical species as a result of combustion of certain coals or post-combustion
conditions.


6. Additional information on improving the capture of mercury in wet FGD systems.


7. Additional analyses are required on the feasibility, cost-effectiveness of other mercury
emission prevention measures such as emissions trading, emissions averaging, energy
conservation, renewable energy, and fuel switching.
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EXECUTIVE SUMMARY


Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, directs the U.S.
Environmental Protection Agency (U.S. EPA) to submit to Congress a comprehensive study on
atmospheric emissions of mercury.  This document, which covers the human health effects of mercury
and mercury compounds, is one volume of U.S. EPA's eight-volume Report in response to this directive.


Mercury is a naturally occurring element that is found in air, water and soil.  It exists in any of
three valence states:  Hg  (elemental mercury), Hg  (mercurous mercury), or Hg  (mercuric mercury). 0 2+ 2+
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Most of the population of the earth have some exposure to mercury as a result of normal daily activities. 
The general population may be exposed to mercury through inhalation of ambient air; consumption of
contaminated food, water, or soil; and/or dermal exposure to substances containing mercury.  In addition,
some quantity of mercury is released from dental amalgam.


The health effects literature contains many investigations of populations with potentially high
exposure to mercury, including industrial workers, people living near point sources of mercury
emissions, people who consume large amounts of fish, and dental professionals.  There also are
numerous studies of populations unintentionally exposed to high levels of mercury, such as the Minamata
poisoning episode in Japan.  Volume IV (An Assessment Exposure to Mercury in the United States)
presents measured and predicted mercury exposure for various U.S. populations.


The purpose of this volume, Volume V, is to summarize the available health effects information
for mercury and mercury compounds and to present U.S. EPA's analysis for two critical pieces of the risk
assessment paradigm described by the National Academy of Sciences in 1983.  Specifically, this volume
contains the hazard identification and dose-response assessments for three forms of mercury:  elemental
mercury, mercuric chloride (inorganic mercury),and methylmercury (organic mercury).  In order to
characterize risk for any populations, the evaluations presented in this volume must be combined with the
assessment of exposure presented in Volume IV.


Volume V is not intended to be an exhaustive survey of the voluminous health effects literature
available for mercury.  Rather, the purpose is to present a brief survey of the studies relevant for
assessing potential human health effects and to present more detailed information on those studies which
form the basis for U.S. EPA's hazard identification and dose-response assessments.  The three forms of
mercury which are emphasized in this volume were selected based on data indicating that these are the
predominant forms of mercury to which humans are exposed.  In addition, examination of the published
literature indicates that most health data are on these forms.  It is acknowledged that certain populations
can be exposed to many types of organic mercurials, such as antiseptics and pesticides.  Volume V,
however, deals with methylmercury except in cases where information on another organic is presented
for illustrative purposes.


Toxicokinetics


The toxicokinetics (i.e., absorption, distribution, metabolism, and excretion) of mercury is highly
dependent on the form of mercury to which a receptor has been exposed.  Below is a brief summary of
the toxicokinetics information for elemental mercury, mercuric chloride, and methylmercury.  Chapter 2
contains a more complete summary of the toxicokinetics information available for mercury.







ES-2


Elemental Mercury


The absorption of elemental mercury vapor occurs rapidly through the lungs, but it is poorly
absorbed from the gastrointestinal tract.  Once absorbed, elemental mercury is readily distributed
throughout the body; it crosses both placental and blood-brain barriers.  Elemental mercury is oxidized to
inorganic divalent mercury by the hydrogen peroxidase-catalase pathway, which is present in most
tissues.  The distribution of absorbed elemental mercury is limited primarily by the oxidation of
elemental mercury to the mercuric ion as the mercuric ion has a limited ability to cross the placental and
blood-brain barriers.  Once elemental mercury crosses these barriers and is oxidized to the mercuric ion,
return to the general circulation is impeded, and mercury can be retained in brain tissue.  The elimination
of elemental mercury occurs via urine, feces, exhaled air, sweat, and saliva.  The pattern of excretion is
dependent on the extent to which elemental mercury has been oxidized to mercuric mercury.


Inorganic Mercury


Absorption of inorganic mercury through the gastrointestinal tract varies with the particular
mercuric salt involved.  Absorption decreases with decreasing solubility.  Estimates of the percentage of
inorganic mercury that is absorbed vary; as much as 20% may be absorbed.  Available data indicate that
absorption of mercuric chloride from the gastrointestinal tract results from an electrostatic interaction
with the brush border membrane and limited passive diffusion.  Increases in intestinal pH, high doses of
mercuric chloride causing a corrosive action, a milk diet (e.g., neonates) and increases in pinocytotic
activity in the gastrointestinal tract (e.g., neonates) have all been associated with increased absorption of
inorganic mercury.  Inorganic mercury has a limited capacity for penetrating the blood-brain or placental
barriers.  There is some evidence indicating that mercuric mercury in the body following oral exposures
can be reduced to elemental mercury and excreted via exhaled air.  Because of the relatively poor
absorption of orally administered inorganic mercury, the majority of the ingested dose in humans is
excreted through the feces.


Methylmercury


Methylmercury is rapidly and extensively absorbed through the gastrointestinal tract.  Absorption
information following inhalation exposures is limited.  This form of mercury is distributed throughout the
body and easily penetrates the blood-brain and placental barriers in humans and animals.  Methylmercury
transport into tissues appears to be mediated by the formation of a methylmercury-cysteine complex. 
This complex is structurally similar to methionine and is transported into cells via a widely distributed
neutral amino acid carrier protein.  Methylmercury in the body is considered to be relatively stable and is
only slowly demethylated to form mercuric mercury in rats.  It is hypothesized that methylmercury
metabolism may be related to a latent or silent period observed in epidemiological studies observed as a
delay in the onset of specific adverse effects.  Methylmercury has a relatively long biological half-life in
humans; estimates range from 44 to 80 days.  Excretion occurs via the feces, breast milk, and urine.


Biological Monitoring/Pharmacokinetic Models


Chapter 2 provides information on biological monitoring of mercury as well as a summary of the
development of pharmacokinetic models for mercury.  The most common biological samples analyzed
for mercury are blood, urine, and scalp hair.  The methods most frequently used to determine the mercury
levels in these sample types include atomic absorption spectrometry, neutron activation analysis, X-ray
fluorescence, and gas chromatography.
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Both simple and complex multi-compartmental models have been described in the literature.  A
recent report (Gearhart et al. 1995) presents an approach based upon data from human, rat, and monkey
data that could be used for characterizing dose-response data both adults and neonates.


Biological Effects


Chapter 3 presents summary information on the toxicity of elemental mercury, mercuric mercury
and methylmercury to various organ systems.  The primary targets for toxicity of mercury and mercury
compounds are the nervous system, the kidney, and the developing fetus.  Other systems that may be
affected include the respiratory, cardiovascular, gastrointestinal, hematologic, immune, and reproductive
systems.  For each form of mercury and each of the endpoints addressed, information from
epidemiological studies, human case studies, and animal toxicity studies is summarized in tabular form. 
Critical studies are discussed in the accompanying text.


Elemental Mercury


A number of epidemiological studies have been conducted that examined cancer mortality and/or
morbidity among workers occupationally exposed to elemental mercury.  All of these studies, however,
have limitations which compromise the interpretation of their results; these limitations include small
sample sizes, probable exposure to other known lung carcinogens, failure to consider confounding factors
such as smoking, and/or failure to observe correlations between estimated exposure and the cancer
incidence.  Only one animal study was identified that examined cancer incidence in animals exposed (by
injection) to elemental mercury.  While tumors were found at contact sites, the study was incompletely
reported as to controls and statistics and, thus, considered inadequate for the purpose of risk assessment. 
Findings from genotoxicity assays are limited and do not provide supporting evidence for a carcinogenic
effect of elemental mercury.


Effects on the nervous system appear to be the most sensitive toxicological endpoint observed
following exposure to elemental mercury.  Symptoms associated with elemental mercury-induced
neurotoxicity include the following:  tremors, initially affecting the hands and sometimes spreading to
other parts of the body; emotional lability, often referred to as "erethism" and characterized by
irritabilit y, excessive shyness, confidence loss, and nervousness; insomnia; neuromuscular changes (e.g.,
weakness, muscle atrophy, muscle twitching); headaches; polyneuropathy (e.g., paresthesia, stocking-
glove sensory loss, hyperactive tendon reflexes, slowed sensory and motor nerve conduction velocities);
and memory loss and performance deficits in test of cognitive function.  At higher concentrations,
adverse renal effects and pulmonary dysfunction may also be observed.


A few studies have provided suggestive evidence for potential reproductive toxicity associated
with exposure to elemental mercury.  Data from two studies in rats demonstrate developmental effects of
elemental mercury exposure.  These were behavioral changes associated with both in utero and perinatal
exposure.


Inorganic Mercury


There is no evidence in humans linking exposure to mercuric chloride with carcinogenic effects. 
Data in animals are limited.  Focal hyperplasia and squamous cell papillomas of the forestomach as well
as thyroid follicular adenomas and carcinomas were observed in male rats gavaged with mercuric
chloride.  In the same study, evidence for an increased incidence of squamous cell forestomach
papillomas in female rats and renal adenomas and carcinomas in male mice were considered equivocal. 
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All increased tumor incidences were observed in excess of the maximum tolerated dose (MTD).  In this
context, the relevance of the tumors to human health evaluation has been questioned.  Results from in
vitro and in vivo tests for genotoxicity have been mixed and do not provide strong supporting data for
carcinogenicity.


There are some data indicating that mercuric chloride may be a germ cell mutagen.  Positive
results have been obtained for chromosomal aberrations in multiple systems, and evidence suggests that
mercuric chloride can reach female gonadal tissue.


The most sensitive general systemic adverse effect observed following exposure to inorganic
mercury is the formation of mercuric mercury-induced autoimmune glomerulonephritis.  The production
and deposition of IgG antibodies to the glomerular basement membrane can be considered the first step
in the formation of this mercuric-mercury-induced autoimmune glomerulonephritis.


Several studies in animals have evaluated the potential for developmental toxicity to occur
following exposure to various inorganic salts.  While the evidence suggests that developmental effects
may occur, all of the studies have significant limitations.


Methylmercury


Three human studies that examined the relationship between methylmercury and cancer
incidence were considered extremely limited because of study design inappropriate for risk assessment or
incomplete data reporting.  Evidence from animal studies provides limited evidence of carcinogenicity. 
Male ICR and B6C3F1 mice exposed orally to methylmercuric chloride were observed to have an
increased incidence of renal adenomas, adenocarcinomas, and carcinomas.  Renal epithelial cell
hyperplasia and tumors, however, were observed only in the presence of profound nephrotoxicity
suggesting that the tumors may be a consequence of reparative changes to the damaged kidneys.  Tumors
were observed at a single site, in a single species and sex.


Methylmercury appears to be clastogenic but not a potent mutagen.  Studies have also shown
evidence that methylmercury may induce mammalian germ cell chromosome aberrations.  There are a
number of studies in both humans and experimental animals that show methylmercury to be a
developmental toxicant.  Neurotoxicity in offspring is the most commonly observed effect and the effect
seen at lowest exposures.


A significant body of human studies exists for evaluating the potential systemic toxicity of
methylmercury.  This data base is the result of studying two large scale poisoning episodes in Japan and
Iraq as well as several epidemiological studies assessing populations that consume significant quantities
of fish.  In addition, much research on the toxicity of methylmercury has been conducted in animals
including non-human primates.


The critical target for methylmercury toxicity is the nervous system.  The developing fetus may
be at particular risk from methylmercury exposure.  Offspring born of women exposed to methylmercury
during pregnancy have exhibited a variety of developmental neurological abnormalities, including the
following:  delayed onset of walking, delayed onset of talking, cerebral palsy, altered muscle tone and
deep tendon reflexes, and reduced neurological test scores.  Maternal toxicity may or may not have been
present during pregnancy for those offspring exhibiting adverse effects.  For the general population, the
critical effects observed following methylmercury exposure are multiple central nervous system effects
including ataxia and paresthesia.







      The oral RfD and the inhalation RfC are estimates (with uncertainty spanning perhaps an order of1


magnitude) of a daily exposure to the human population (including sensitive subpopulations) that is
likely to be without an appreciable risk of deleterious health effects during a lifetime.
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 A latent or silent period has been observed in some epidemiological and animal studies
indicating a delay in the onset of adverse effects.  It is hypothesized this delay may be related to
methylmercury metabolism.


Sensitive Subpopulations


A susceptible population is a group that may experience more severe adverse effects at
comparable exposure levels or adverse effects at lower exposure levels than the general population.  The
greater response of these sensitive subpopulations may be a result of a variety of intrinsic or extrinsic
factors.  For mercury, the most sensitive subpopulations may be developing organisms.  Data are also
available indicating that other factors may be associated with the identification of sensitive
subpopulations including the following:  age; gender; dietary insufficiencies of zinc, glutathione, or
antioxidants; predisposition for autoimmune glomerulonephritis; and predisposition for acrodynia.  More
information on sensitive subpopulations is presented in Chapter 4.


Interactions


There are data demonstrating that a number of substances affect the pharmacokinetics and/or
toxicity of mercury compounds.  Of most interest is the potential interaction of selenium and mercury. 
Selenium is known to bioaccumulate in fish, so exposure to methylmercury from fish consumption may
be associated with exposure to increased levels of selenium.  There are data indicating that selenium co-
administered with methylmercury can form selenium-methylmercury complexes.  The formation of these
complexes may temporarily prevent methylmercury-induced tissue damage but also may delay excretion
of the methylmercury.  Thus, formation of selenium-methylmercury complexes may not reduce
methylmercury toxicity but rather may delay onset of symptoms.  More information is needed to
understand the possible interaction of selenium with methylmercury.


There is potential for interaction between various forms of mercury and ethanol, thiol
compounds, tellurium, potassium dichromate, zinc, atrazine, and vitamins C and E.


Hazard Identification/Dose-Response Assessment


The available toxicological and epidemiological evidence was evaluated, and U.S. EPA risk
assessment guidelines and methodologies were applied to hazard identification for various endpoints;
namely, carcinogenicity, germ cell mutagenicity, developmental toxicity, and general systemic toxicity. 
Data supported quantitative assessments of systemic toxicity.  For elemental mercury, an inhalation
reference concentration (RfC ) was calculated; oral reference doses (RfD ) were calculated for inorganic1 1


mercury and methylmercury.  Data for carcinogenicity of inorganic and methylmercury were judged to be
inadequate in humans and limited from animal bioassays.  The carcinogenicity data for all forms of
mercury evaluated were not sufficient to support a quantitative assessment.  No quantitative estimates
were done for developmental toxicity.  Table ES-1 summarizes the hazard identification and dose-
response information for elemental mercury, inorganic mercury, and organic mercury.  The bases for
these decisions and the methodologies applied are presented in Chapter 6.
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Table ES-1
Summary of U.S. EPA Hazard Identification/Dose-response Assessment


for Mercury and Mercury Compounds


Form Oral RfD Inhalation Cancer Cancer Germ Cell Developmental
of (mg/kg-day) RfC Weight-of- Slope Mutagenicity Toxicity 


Mercury (mg/m ) evidence Factor Data Base3


Rating Characterization


Elemental n/a 0.0003 D, not classifiable n/a Low weight of Insufficient humana b


as to human evidence evidence; sufficient
carcinogenicity animal evidence


Inorganic 0.0003 Not C, possible n/a Moderate weight Insufficientc


(mercuric verifiable human carcinogen of evidence evidence
chloride)


d


Organic 0.0001 n/a C, possible n/a High weight of Sufficient humane


(methyl- human carcinogen evidence and animal data
mercury)


 Not available; data do not support development of a value at this time.a


 Critical effect is neurological toxicity (hand tremor; increases in memory disturbances; slight subjective and objectiveb


  evidence of autoimmune dysfunction) in adults.
 Critical effect is renal toxicity resulting from an autoimmune disease caused by the accumulation of a hapten-mercuryc


  complex in the glomerular region of the kidneys.
 Data were judged insufficient for calculation of RfC.d


 Critical effect is neurological toxicity in progeny of exposed women, RfD calculated using a benchmark dose (10%).e


Ongoing Research


While much data has been collected on the potential toxicity of mercury and mercury
compounds, much is still unknown.  Two ongoing epidemiological studies are now providing critical
information on the developmental toxicity of methylmercury.  One study, being conducted in the
Seychelles Islands, is evaluating dose-response relationships in a human population with dietary
exposures (fish) at levels believed to be in the range of the threshold for developmental toxicity.  The
second study, conducted in the Faroe Islands, is assessing mercury exposure in a population that
consumes a relatively large quantity of marine fish and marine mammals.  Children exposed to
methylmercury in utero and followed through 6 years of age have been assessed for mercury exposure
and neurological developmental.  Published data from these studies are summarized in Chapter 3. 
Implications of ongoing research is discussed along with uncertainties in risk assessments in Chapter 6.


Research Needs


Specifically, information is needed to reduce the uncertainties associated with the current oral
RfDs and inhalation RfCs.  More work with respect to both dose and duration of exposure would also
allow for potentially assessing effects above the RfD/RfC.  Limited evidence suggests that
methylmercury and mercuric chloride are possible human carcinogens.  Data are not sufficient to classify
the potential carcinogenicity of elemental mercury.  Research on mode of action in induction of tumors at
high mercury dose will be of particular use in defining the nature of the dose response relationship for
carcinogenicity.  At this time data have been judged insufficient for calculation of quantitative
developmental toxicity estimates for elemental and inorganic mercury; research toward this end should
be encouraged.  While some pharmacokinetic models have been developed additional work to ensure the
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applicability of these to risk assessment should be pursued.  In particular work aimed at validation of a
fetal pharmacokinetic model and research in support of toxicokinetics will be useful.


Conclusions


The following conclusions progress from those with greater certainty to those with lesser
certainty.


� The three forms of mercury discussed in this Report can present a human health hazard.


� Neurotoxicity is the most sensitive indicator of adverse effects in humans exposed to
elemental mercury and methylmercury.


� Immune-mediated kidney toxicity is the most sensitive indicator of toxic effects of
exposure to inorganic mercury.  This judgement is largely based on results in
experimental animals.


� Methylmercury is a developmental toxicant in humans.


� Methylmercury is likely to be a human germ cell mutagen.  This judgement is based on
data from human studies, genetic toxicology studies in animals and a consideration of the
pharmacokinetics of methylmercury.


� An RfD for ingested methylmercury based on neurotoxic effects observed in Iraqi
children exposed in utero is 1 x 10  mg/kg-day.  The threshold estimate derived using a-4


benchmark dose approach is not model dependent (polynomial vs. Weibull).  The
estimate is not much affected by data grouping, but is dependent on response
classification and on parameters used in determination of ingestion relative to measured
mercury in hair.


� An RfC for inhaled elemental mercury based on neurotoxic effects in exposed workers is
3 x 10  mg/m .-4 3


� An RfD for ingested inorganic mercury based on immune-mediated kidney effects in
Brown-Norway rats is 3 x 10  mg/kg-day.-4


� Elemental mercury is a developmental toxicant in experimental animals.  If the
mechanisms of action producing developmental toxicity in animals occur in humans,
elemental mercury is very likely to produce developmental effects in exposed human
populations.  U.S. EPA has made no estimate of dose response for developmental effects
of elemental mercury.


� Methylmercury and inorganic mercury produce tumors in experimental animals at toxic
doses.  If the mechanisms of action which induced tumors in the animal models could
occur in humans, it is possible that tumors could be induced in exposed humans by these
forms of mercury.  It is likely, however,  that cancer would be induced only after
mercury exposures in excess of those producing other types of toxic response.
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There are many uncertainties associated with this analysis, due to an incomplete understanding
of the toxicity of mercury and mercury compounds.  The sources of uncertainty include the
following:


� The data serving as the basis for the methylmercury RfD were from a population
ingesting contaminated seed grain.  The nutritional status of this group may not be
similar to that of U.S. populations.  The exposure was for a short albeit critical period of
time.  It is likely that there is a range of response among individuals to methylmercury
exposure.  The selenium status of the exposed Iraqi population is not certain, nor is it
established the extent to which selenium has an effect on mercury toxicity.


� There was no NOAEL (no-observable-adverse-effect level) for estimation of a threshold
for all developmental endpoints.  A benchmark was estimated using a Weibull model on
grouped data.  Use of an estimate other than the 95% lower limit on 10% response
provides alternate estimates.  Other modeling approaches using data which have not been
grouped provide similar estimates.  Benchmark doses, NOAELs, LOAELs, from other
human studies provide support for the benchmark used in the RfD.


� Ingestion levels of methylmercury associated with measured mercury in hair were
estimated based on pharmacokinetic parameters derived from evaluation of the extant
literature.  Use of other plausible values for these parameters results in (relatively small)
changes in the exposure estimate.


� While there are data to show that the developing fetus is more susceptible to
methylmercury toxicity than adults, there are not sufficient data to support calculation of
a separate RfD for children (vs. adults).


� The RfD for inorganic mercury is based on data in experimental animals; there is
uncertainty in extrapolation to humans.  It is thought that these animals constitute a good
surrogate for a sensitive human subpopulation.  The data were from less than lifetime
exposures; there is uncertainty in extrapolation to a lifetime RfD.  There was no NOAEL
in the studies; there is uncertainty in extrapolation to a NOAEL or in estimation of a
threshold for effects in animals.


� The RfC for elemental mercury was based on studies in exposed workers for which there
is no reported NOAEL; there is uncertainty in estimating the no effect level in these
populations.  There is uncertainty as to whether reproductive effects could be occurring
at lower exposure levels than those which produced the observed neurotoxicity.


� There are insufficient data to determine whether elemental mercury induces carcinogenic
effects in experimental animals.


� Data are not sufficient to judge if elemental and inorganic mercury are germ cell
mutagens.


� U.S. EPA did not formally evaluate data on mercury for reproductive effects.
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To improve the risk assessment for mercury and mercury compounds, U.S. EPA would need the
following:


� Results from ongoing studies in human populations with measurable exposure to
methylmercury.


� Results for immune-mediated kidney effects from lifetime studies of sensitive animals
exposed to inorganic mercury.  Definitive data from human studies on effects of
exposure to inorganic mercury.


� Data on inhalation effects of inorganic mercury exposure.


� Dose response data for developmental effects of elemental and inorganic mercury.


� Reproductive studies and analysis for all forms of mercury.


� Data on mode of action of inorganic and methylmercury tumor induction.


� Validated physiologically-based pharmacokinetic models for mercury which include a
fetal component.


Based on the extant data and knowledge of developing studies, the following outcomes can be
expected:


� Human populations exposed to sufficiently high levels of elemental mercury will have
increased incidence of neurotoxic effects.


� Human populations exposed to sufficiently high levels of methylmercury either in utero
or post partum will have increased incidence of neurotoxic effects.


� Human populations exposed to sufficiently high levels of inorganic mercury will have
increased incidence of systemic effects including immune-mediated kidney effects.


� The RfDs and RfC calculated by U.S. EPA for systemic toxic effects of mercury are
expected to be amounts of exposure that can be incurred on a daily basis for a lifetime
without anticipation of adverse effects.  This expectation is for populations including
susceptible subpopulations.


� The RfDs are protective against carcinogenic effects; tumor induction in animals was
observed only at doses likely to produce systemic toxic effects.
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1. INTRODUCTION


Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, requires the U.S.
Environmental Protection Agency (U.S. EPA) to submit a study on atmospheric mercury emissions to
Congress.  The sources of emissions that must be studied include electric utility steam generating units,
municipal waste combustion units and other sources, including area sources.  Congress directed that the
Mercury Study evaluate many aspects of mercury emissions, including the rate and mass of emissions,
their health and environmental effects, technologies to control such emissions and the costs of such
controls.


In response to this mandate, U.S. EPA has prepared an eight-volume Mercury Study Report to
Congress.  The eight volumes are as follows:


I. Executive Summary
II. An Inventory of Anthropogenic Mercury Emissions in the United States
III. Fate and Transport of Mercury
IV. An Assessment of Exposure to Mercury in the United States
V. Health Effects of Mercury and Mercury Compounds
VI. An Ecological Assessment for Anthropogenic Mercury Emissions in the United States
VII. Characterization of Human Health and Wildlife Risks from Mercury Exposure in the


United States
VIII. An Evaluation of Mercury Control Technologies and Costs


This volume (Volume V) addresses the potential human health effects associated with exposure
to mercury.  It summarizes the available human and animal studies and other supporting information
relevant to the toxicity of mercury and mercury compounds in humans.  It also summarizes U.S. EPA's
current overall assessments of hazard and quantitative dose-response for various categories of toxic
effects.  This volume presents data relevant to assessment of potential effects on human health for
elemental mercury, inorganic mercury and methylmercury.  Organic mercury compounds other than
methylmercury are generally not considered in this volume.  Chapter 2 discusses the toxicokinetics of
mercury, including information on absorption, distribution, metabolism and excretion.  Chapter 3 is a
summary of the toxicity literature for mercury.  It is organized into three main subsections, corresponding
to elemental mercury, inorganic mercury and methylmercury.  Within each of these subsections, the
study data are presented according to the effect type (e.g., death, renal toxicity, developmental toxicity,
cancer).  For each effect type, separate summary tables in similar formats are used to present the
available data from human epidemiological studies, human case studies, and animal studies.


Chapter 6, Hazard Identification and Dose-Response Assessment, presents U.S. EPA's
assessments of the hazard presented by various forms of mercury and, where possible, the quantitative
dose-response information that is used in risk assessments of mercury.  Chapters 4 and 5 briefly discuss
populations with increased susceptibilit y to mercury and interactions between exposure to mercury and
other substances.  Ongoing research and research needs are described in Chapter 7, and Chapter 8 lists
the references cited.  Appendix A documents the dose conversion equations and factors used.  Appendix
B consists of RfD, RfC and cancer risk summaries for U.S. EPA’s Integrated Risk Information System
(IRIS).  Appendix C lists the participants of a U.S. EPA-sponsored workshop on mercury issues held in
1987.  Appendix D presents an analysis of uncertainty and variability in the methylmercury human
effects threshold estimate.
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2. TOXICOKINETICS


This chapter describes the toxicokinetics (i.e., absorption, distribution, metabolism and
excretion) of mercury and mercury compounds in the body.  Biomarkers of exposure and methods of
analysis for measuring mercury levels in biological samples are discussed.  The biotransformation of
mercury in the environment is discussed in Volume III.


The absorption of elemental mercury vapor occurs rapidly through the lungs, but it is poorly
absorbed from the gastrointestinal tract.  Oral absorption of inorganic mercury involves absorption
through the gastrointestinal tract; absorption information for the inhalation route is limited. 
Methylmercury is rapidly and extensively absorbed through the gastrointestinal tract.


Once absorbed, elemental mercury is readily distributed throughout the body; it crosses both
placental and blood-brain barriers.  Elemental mercury is oxidized to inorganic divalent mercury by the
hydrogen peroxidase-catalase pathway, which is present in most tissues.  The oxidation of elemental
mercury to the inorganic mercuric cation in the brain can result in retention in the brain.  Inorganic
mercury has poor lipophilicity and a reduced capacity for penetrating the blood-brain or placental
barriers.  Once elemental mercury crosses the placental or blood-brain barriers and is oxidized to the
mercuric ion, return to the general circulation is impeded, and mercury can retained in brain tissue. 
Recent studies indicate that transport and distribution of methylmercury is carrier-mediated. 
Methylmercury penetrates the blood-brain and placental barriers, can be converted to mercuric ion, and
may accumulate in the brain and fetus.


The elimination of elemental mercury occurs via the urine, feces and expired air.  Exposure to
mercuric mercury results in the elimination of mercury in the urine and feces.  Methylmercury is excreted
primarily in the feces (mostly in the inorganic form) by humans.


2.1 Absorption


2.1.1 Elemental Mercury


2.1.1.1 Inhalation


Elemental mercury vapors are readily absorbed through the lungs.  Studies in human volunteers
have shown that approximately 75–85% of an inhaled dose of elemental mercury vapor was absorbed by
the body (Nielsen-Kudsk 1965; Oikawa et al. 1982; Teisinger and Fiserova-Bergerova 1965; Hursh 1985;
Hursh et al. 1985).  The high lipid solubility of elemental mercury vapor relative to its vapor pressure
favors its rapid diffusion across alveolar membranes and dissolution in blood lipids (Berlin et al. 1969b).


2.1.1.2 Oral


Liquid metallic mercury is very poorly absorbed from the gastrointestinal tract.  In rats, less than
0.01% of an ingested dose of metallic mercury was absorbed (Bornmann et al. 1970).  The release of
mercury vapor from liquid elemental mercury in the gastrointestinal tract and the subsequent absorption
of the released vapor is limited by reaction of the mercury with sulfur to form mercuric sulfide.  The
mercuric sulfide coats ingested metallic mercury, preventing release of elemental vapor (Berlin 1986).
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2.1.1.3 Dermal


Elemental mercury vapor is absorbed through the skin of humans at an average rate of 0.024 ng
Hg/cm  (skin) for every one mg/m  in the air (Hursh et al. 1989).  This rate of dermal absorption is2 3


sufficient to account for less than 3% of the total amount absorbed during exposure to mercury vapor
(greater than 97% of the absorption occurs through the lungs).  Dermal absorption of liquid metallic
mercury has been demonstrated in experimental animals (Schamberg et al. 1918); however, the extent of
absorption was not quantified.  Koizumi et al. (1994) measured mercury absorption through the skin of
F344 rats exposed to solutions of industrially generated dust containing mercury.  After 3 days mean
blood concentration in dust-exposed rats was 15.5 �g/L compared to 3 �g/L for saline controls.


2.1.2 Inorganic Mercury


2.1.2.1 Inhalation


There is limited information suggesting that absorption occurs after inhalation of aerosols of
mercuric chloride.  Clarkson (1989) reported absorption to be 40% in dogs via inhalation.  Inhalation
exposure of rats to an aerosol of a 1% mercuric chloride solution for 1 hour/day, 4 days/week for 2
months resulted in retention of 5–6 �g HgCl/HR aerosol/100 g body weight or approximately 37-44 µg
Hg/kg-day (Bernaudin et al. 1981).  The authors prepared the aerosol “with reference to the maximum
allowable air concentrations (0.10 mg Hg/m ) for a man”.  Retention was defined at the end of exposure3


as total mercury in the rat carcass minus skin and hair.  It is unknown to what extent the amount retained
represented absorption through the lungs or absorption of material cleared from the respiratory tract by
mucociliary activity and ultimately swallowed.


2.1.2.2 Oral


The absorption of mercuric mercury from the gastrointestinal tract has been estimated at
approximately 7–15% in human volunteers following oral administration of radiolabeled inorganic
mercury (Miettinen 1973; Rahola et al. 1973).  Recent data from studies in mice, however, suggest that
"true" absorption may be closer to 20% but appears lower due to intestinal pH, compound dissociation,
age, diet, rapid biliary secretion and excretion in the feces (Kostial et al. 1978; Nielsen 1992).  Because
the excretion of absorbed mercury is rapid, mercury levels detected in the gastrointestinal tract most
likely represent both unabsorbed and excreted mercury in the studies by Miettinen (1973) and Rahola et
al. (1973).  The absorption of mercuric chloride from the gastrointestinal tract is not believed to depend
on any specific transport mechanism, reactive sulfhydryl groups, or oxidative metabolism (Foulkes and
Bergman 1993).  Rather, uptake appears to result from an electrostatic interaction with the brush border
membrane and limited passive diffusion.  Several factors have been identified that modulate absorption
of mercuric mercury from the gastrointestinal tract.  At high doses, the corrosive action of mercuric
chloride may increase its uptake by breaking down membrane barriers between the ions and the blood. 
Increases in intestinal pH also increase absorption (Endo et al. 1990).  Increased uptake also occurs in
neonates (Kostial et al. 1978).  The increased absorption in neonates is believed to be due in part to the
milk diet of neonates (increased absorption was observed in adults given a milk diet) and in part to the
increased pinocytotic activity in the gastrointestinal tract that occurs in the very young (Kostial et al.
1978).  Diffusion through aqueous channels present in the immature brush border of neonates has also
been suggested to account for the greater absorption in the very young (Foulkes and Bergman 1993).


Absorption of mercuric salts from the gastrointestinal tract varies with the particular salt
involved.  Absorption decreases with decreasing solubility (Endo et al. 1990).  For example, the poorly
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soluble salt mercuric sulfide is not absorbed from the gastrointestinal tract as well as the more soluble
mercuric chloride salt (Sin et al. 1983).


Mercurous salts in the form of calomel (long in use as a therapeutic agent) are insoluble in water
and are poorly absorbed from the gastrointestinal tract (Clarkson 1993a).  Long term use of calomel,
however, has resulted in toxicity in humans (Davis et al. 1974).


2.1.2.3 Dermal


Dermal absorption of mercuric chloride has been observed in treated guinea pigs (Skog and
Wahlberg 1964).  Approximately 2–3% of an applied dose was absorbed during a 5-hour period. 
Absorption was measured both by disappearance of the applied compound and by appearance in kidney,
liver, urine and blood.


2.1.3 Methylmercury


2.1.3.1 Inhalation


Inhaled methylmercury vapors are absorbed through the lungs.  Fang (1980) did not measure
percent absorbed but showed a correlation between tissue mercury levels and both exposure level and
duration in rats exposed to radioactively labelled methylmercury vapor.


2.1.3.2 Oral


Methylmercury is efficiently absorbed from the gastrointestinal tract.  Approximately 95% of
methylmercury in fish ingested by volunteers was absorbed from the gastrointestinal tract (Aberg et al.
1969; Miettinen 1973).  Similarly, when radiolabeled methylmercuric nitrate was administered in water
to volunteers, uptake was greater than 95% (Aberg et al. 1969).


Reports of the percentage of absorbed methylmercury distributed to the blood range from 1% to
10%.  Following the ingestion of a single meal of methylmercury-contaminated fish, Kershaw et al.
(1980) found that blood accounted for 5.9% of absorbed methylmercury, while Miettinen et al. (1971)
found an initial value of 10%, decreasing to about 5% over the first 100 days.  In a population that
chronically ingested fish with high methylmercury levels, approximately 1% of the absorbed dose was
distributed to the blood (Sherlock et al. 1982).


2.1.3.3 Dermal


Dermal absorption of the methylmercuric cation (CH Hg)  (as the dicyandiamide salt) has also3
+


been observed in treated guinea pigs (Skog and Wahlberg 1964).  Approximately 3–5% of the applied
dose was absorbed during a 5-hour period.  Absorption was measured both by disappearance of the
applied compound and by appearance in kidney, liver, urine and blood.







2-4


2.2 Distribution


2.2.1 Elemental Mercury


Because of its lipophilicity, absorbed elemental mercury vapor readily distributes throughout the
body, crossing the blood-brain barrier in humans (Hursh et al., 1976; Nordberg and Serenius, 1969) and
the placenta in rats and mice (Clarkson et al., 1972).  The distribution of absorbed elemental mercury is
limited primarily by the oxidation of elemental mercury to the mercuric ion and reduced ability of the
mercuric ion to cross membrane barriers.  The oxidation is sufficiently slow, however, to allow
distribution to all tissues and organs.  Once it is oxidized to the mercuric ion, it is indistinguishable from
Hg  from inorganic sources (i.e., the highest levels of mercury accumulate in the kidneys) (Hursh et al.2+


1980; Rothstein and Hayes 1964).  Based on an in vitro study by Hursh et al. (1988), oxidation of
mercury in the blood is slow and, therefore, inhaled mercury reaches the brain primarily unoxidized (i.e.,
as dissolved vapor) and is available for rapid penetration into brain cells.  Once in the brain, oxidation of
elemental mercury to mercuric mercury in the brain enhances for the accumulation of mercury in these
tissues (Hursh et al. 1988; Takahata et al. 1970).  For example, ten years after termination of exposure,
miners exposed to elemental mercury vapor had high concentrations of mercury (�120 ppm) in the brain
(Takahata et al. 1970).  A similar effect occurs when elemental mercury reaches the fetus and (after
oxidation) accumulates in the tissues as inorganic mercury (Dencker et al. 1983).


In the blood, elemental mercury initially distributes predominantly to the red blood cells; at
20 minutes, 98% of the mercury in the blood is found in the red blood cells.  Several hours following
parenteral, oral or inhalation exposure, however, a stable ratio of red blood cell mercury to plasma
mercury of approximately 1:1 is established (Gerstner and Huff, 1977; Clarkson, 1972; Cherian et al.,
1978).  The rise in plasma mercury levels was suggested to be due to binding to protein sulfhydryl groups
by mercuric mercury formed when the elemental mercury was oxidized.


2.2.2 Inorganic Mercury


In contrast to elemental mercury vapor and methylmercury, mercuric mercury does not penetrate
the blood-brain or placental barriers easily.  Levels of mercury observed in the rat brain after injection of
mercuric nitrate were 10-fold lower than after inhalation of an equivalent dose of elemental mercury
vapor (Berlin et al. 1969a).  Similarly, mercuric mercury shows only limited ability to penetrate to the
fetus (Garrett et al. 1972).  Mercuric mercury does, however, accumulate in the mouse placenta (Berg
and Smith 1983; Mitani et al. 1978; Suzuki et al. 1984).  In the blood, the mercuric ion is bound to
sulfhydryl groups present in the plasma and erythrocytes.  The ratio of human red blood cell mercuric
mercury to plasma mercuric mercury is approximately 1:1 (0.53:1.20) (Hall et al. 1994).  The half-life in
blood for humans was reported to range from 19.7 to 65.6 days in a study of five subjects treated with i.v.
mercuric nitrate (Hall et al. 1994).  From the blood, mercuric mercury initially distributes to liver, but the
highest levels are generally observed in the kidneys (Newton and Fry 1978).  With time after exposure,
accumulation in the kidneys may account for up to 90% of the total body burden (Rothstein and Hayes
1960).  The mercury levels in the kidney are dose dependent, with increasing amounts occurring with
higher administered dose levels (Cember, 1962).  The highest concentration of mercuric mercury in the
kidneys is found in the proximal tubules.  Mercuric mercury induces metallothionein production in the
kidneys (Piotrowski et al. 1974).  The high metallothionein levels in the kidneys may contribute to the
kidney's accumulation of mercuric mercury (Piotrowski et al. 1973).


In neonates, lower proportions of mercuric mercury distribute to the kidneys than in adult
animals (Jugo 1976).  This results in higher distribution to other tissues.  The protective blood-brain
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barrier is incomplete in fetal and neonatal animals, which may also contribute to the increased mercury
levels in immature brain.  For example, the higher levels in the neonatal brain of rats and guinea pigs are
believed to be associated with the decrease in renal sequestration of the mercuric ion (Jugo 1976;
Yoshida et al. 1989).  The higher levels observed in the livers of rat neonates may be attributable to
increased distribution to organs other than the kidney as well as to higher levels of neonatal hepatic
metallothionein (Daston et al. 1986).  


2.2.3 Methylmercury


Methylmercury is distributed throughout the body, easily penetrating the blood-brain and
placental barriers in humans and animals (Clarkson 1972; Hansen 1988; Hansen et al. 1989; Nielsen and
Andersen 1992; Soria et al. 1992; Suzuki et al. 1984).  By contrast with elemental mercury, studies in rats
indicate that methylmercury transport into tissues is mediated by the formation of a methylmercury-
cysteine complex (Aschner and Aschner 1990; Tanaka et al. 1991, 1992; Kerper et al. 1992).  The
complex is structurally similar to methionine and is transported into cells via a widely distributed neutral
amino acid carrier protein.  Methylmercury associates with water-soluble molecules (e.g., proteins) or
thiol-containing amino acids because of the high affinity of the methylmercuric cation (CH Hg)  for the3


+


sulfhydryl groups (SH) .  Complexes of methylmercury with cysteine have been identified in blood, liver-


and bile of rats (Aschner and Aschner 1990).


Al-Shahristani and Shihab (1974) calculated  a “biological half-life” of methylmercury in a study
of 48 male and female subjects who had ingested seed grain contaminated by organic mercurials.  The
half-life ranged from 35 to 189 days with a mean of 72 days; it was determined from distribution of
mercury along head hair.


The blood half-life is 49–164 days in humans (Aberg et al. 1969; Miettinen et al. 1971) and
10–15 days in monkeys (Rice et al. 1989).  Smith et al. (1994) determined a blood half-life of 32–60 days
in a study of seven adult males given i.v. methylmercury.  In the blood, methylmercury is found
predominantly in the red blood cells (Kershaw et al. 1980; Thomas et al. 1986).  In humans, the ratio of
red blood cell methylmercury to plasma methylmercury is approximately 20:1.  This ratio varies in
animal species; the ratio is approximately 20:1 in primates and guinea pigs, 7:1 in mice, greater than
100:1 in rats and 42:1 in cats (Hollins et al. 1975; Magos 1987).


The clinical significance of the differences in the distribution of various forms of mercury in the
blood is that it permits diagnosis of the type of mercury to which an individual has been exposed.  Short-
chain alkyl mercury compounds such as methylmercury or ethyl mercury are very stable in the body,
whereas long-chain compounds may be metabolized over time to the mercuric ion.  The mercury
distribution in the blood, therefore, may shift from a distribution characteristic of methylmercury to one
more suggestive of inorganic mercury (Berlin 1986; Gerstner and Huff 1977).


Mercury has been found in the umbilical cord of human newborns at levels comparable to
maternal blood levels (Grandjean et al. 1992a).  For lactating mothers, the clearance of mercury from the
blood appears to be faster than for non-lactating women.  Lactating individuals have a blood half-life of
42 days compared to 75 days for non-lactating females among a group of people who had consumed
contaminated seed grain (Greenwood et al. 1978).  This finding may be due to excretion of mercury via
the milk, increased food intake by mothers (which enhances biliary excretion) and/or altered hormonal
patterns in lactating mothers (which affect the excretion pattern).
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Methylmercury transport across the blood-brain barrier in rats may involve an amino acid carrier
(Kerper et al. 1992).  Following acute exposure to methylmercury, most of the mercury in the brain is in
the organic form; however, with chronic exposures, a greater amount of the mercury in the brain is in the
inorganic form, suggesting that the rate of demethylation increases with long-term exposure (Aschner
and Aschner 1990).  Rice (1989a, 1989b) demonstrated that tissue half-life in the brain may be
significantly longer than the blood half-life for methylmercury.


The bioaccumulation of methylmercury can be affected by age and sex (Thomas et al. 1982,
1986, 1988).  After administration of methylmercury to rats, the females had higher peak levels of
mercury in the kidneys, primarily as methylmercury, compared to the males; inorganic mercury levels did
not differ significantly between the sexes (Thomas et al. 1986).  Accumulation of mercury in the body is
also found to be higher in neonatal rats (Thomas et al. 1988) than in adult rats (Thomas et al. 1982).  Ten
days after administration of methylmercury, 94% of the dose was still detected in neonates while �60%
was retained in adults (Thomas et al. 1988).  The longer retention of mercury in the neonates may be
attributed to various factors including the high amount of mercury accumulated in the pelt of the
neonates due to lack of clearance (Thomas et al. 1988) and the lack of a fully developed biliary transport
system in the neonates (Ballatori and Clarkson 1982).


2.3 Metabolism


2.3.1 Elemental Mercury


Elemental mercury dissolved in the blood is rapidly oxidized in red blood cells to mercuric
mercury by catalase in the presence of hydrogen peroxide (Halbach and Clarkson 1978).  Catalase is
found in many tissues, and oxidation by this pathway probably occurs throughout the body (Nielsen-
Kudsk 1973).  The pathway is saturable, however, and hydrogen peroxide production is the rate-limiting
step (Magos et al. 1989).  Blood and tissue levels of mercuric mercury following exposure to high
concentrations of elemental mercury are, therefore, lower than would be expected based on levels
observed following exposure to low levels.


2.3.2 Inorganic Mercury


Several investigators have observed exhalation of elemental mercury vapor after oral
administration of mercuric mercury to rats and mice, indicating that mercuric mercury in the body can be
reduced to elemental mercury (Clarkson and Rothstein 1964; Dunn et al. 1981a, 1981b; Sugata and
Clarkson 1979).  The reduction of mercuric ion to elemental mercury may occur via cytochrome c,
NADPH and NADH, or a superoxide anion produced by the xanthine-xanthine oxidase system (Ogata et
al. 1987).  There is no evidence that mercuric mercury is methylated to form methylmercury in
mammalian cells.  The studies of Rowland et al. on the intestinal flora of the Wistar rat show that
microbes are responsible for at least a portion of mercuric chloride methylation in the gut.


Mercurous mercury is unstable in biological fluids and rapidly disassociates to one molecule of
elemental mercury and one ion of mercuric mercury (Clarkson 1972).


2.3.3 Methylmercury


Methylmercury in the body is relatively stable and is only slowly demethylated to form mercuric
mercury in rats (Norseth and Clarkson 1970).  The demethylation appears to occur in tissue macrophages
(Suda and Takahashi 1986), intestinal microflora (Nakamura et al. 1977; Rowland et al. 1980) and fetal
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liver (Suzuki et al. 1984).  In vitro demethylation has been reported to involve hydroxyl radicals
produced by cytochrome P-450 reductase (Suda and Hirayama 1992) or hypochlorous acid scavengers
(Suda and Takahashi 1992).  Organic mercury compounds with longer alkyl chains are more readily
metabolized over time to the mercuric ion (Berlin, 1986).


Methylmercury metabolism may be related to the latent or silent period observed in
epidemiological studies from two methylmercury poisonings.  During the latent period, both during and
after the cessation of exposure, the patient feels no untoward effects.  It is possible that a number of
biochemical changes may take place in parallel during this period, and some may not be causatively
related to the clinical outcome.  Ganther (1978) has hypothesized that the carbon-mercury bond in
methylmercury undergoes homolytic cleavage to release methyl free radicals.  The free radicals are
expected to initiate a chain of events involving peroxidation of lipid constituents of the neuronal cells. 
The onset of symptoms is delayed for the period of time that cellular systems are able to prevent or repair
effects of lipid peroxidation.  When the cellular defense mechanisms are overwhelmed, rapid and
progressive degeneration of the tissue results.  In the Iraqi poisoning incident, the latent period before
toxic signs were noted varied from a matter of weeks to months.  By contrast, in the Japanese poisoning
incident, the latency was as long as a year or more.  The difference in duration of the latent period may in
part be due to the presence of selenium in the fish ingested by the Japanese population.  The role of
selenium in mercury toxicity is discussed further in Chapter 5.


2.4 Excretion


2.4.1 Elemental Mercury


Excretion of mercury after exposure to elemental mercury vapor may occur via exhaled air,
urine, feces, sweat and saliva.  The pattern of excretion of elemental mercury changes as elemental
mercury is oxidized to mercuric mercury.  During and immediately after an acute exposure, when
dissolved elemental mercury is still present in the blood, glomerular filtration of dissolved mercury vapor
occurs, and small amounts of mercury vapor can be found in the urine (Stopford et al. 1978).  Mercury
vapor present in the blood may also be exhaled; human volunteers exhaled approximately 7% of the
retained dose within the first few days after exposure (Hursh et al. 1976).  The half-life for excretion via
the lungs is approximately 18 hours.  Approximately 80% of the mercury accumulated in the body is
eventually excreted as mercuric mercury.  As the body burden of mercury is oxidized from elemental
mercury to mercuric mercury, the pattern of excretion becomes more similar to mercuric mercury
excretion.  The majority of the excretion of mercuric mercury occurs in the feces and urine (Cherian et al.
1978).  During the first few days after exposure of humans to mercury vapor, approximately four times
more mercury was excreted in the feces than in the urine (Cherian et al. 1978).  With time, as the relative
mercury content of the kidneys increases, excretion by the urinary route also increases (Rothstein and
Hayes 1964).  Tissue levels of mercury decrease at different rates, but the half-life for excretion of
whole-body mercury in humans (58 days) is estimated to be approximately equal to the half-life of
elimination from the kidneys (64 days), where most of the body burden is located (Hursh et al. 1976). 
Excretion via the urine may be increased if mercury-induced damage of the renal tubular epithelium has
happened and exfoliation of damaged mercury-containing cells occurs (Magos 1973).


Excretion via sweat and saliva are thought to contribute only minimally to total excretion under
normal circumstances.  In workers who have perspired profusely, however, the total amount of mercury
excreted in the sweat during 90 minutes ranged from 50% to 200% of that found in a 16-hour composite
sample of urine (Lovejoy et al. 1974).
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2.4.2 Inorganic Mercury


Because of the poor absorption of orally administered mercuric mercury, the majority (�85%) of
an ingested dose in humans is excreted in the feces within a few days after administration (Miettinen
1973).  Hall et al. (1994) showed that for five adult male volunteers given i.v. mercuric nitrate and
evaluated for 70 days, 6.3-35% of the dose was excreted in urine and 17.9-38.1% in feces.  For absorbed
inorganic mercury, the half-life for excretion has been estimated to be �40 days (Rahola et al. 1973) and
67 days with a range of 49-96 days (Hall et al. 1994).  Information on the routes of excretion for
absorbed inorganic mercury are limited, but excretion would be expected to be similar to that of
inorganic mercury formed in rats by the oxidation of elemental mercury (Rothstein and Hayes 1964). 
The majority of absorbed inorganic mercury is excreted in the urine (Berlin 1986).


Glomerular filtration is not thought to contribute substantially to urinary excretion of mercuric
mercury (Cherian et al. 1978).  Rather, mercuric mercury is excreted in the urine primarily as sulfhydryl
conjugates (with cysteine or N-acetylcysteine) actively transported into the tubular lumen.  Urinary levels
correlate with renal mercury concentrations rather than blood mercury levels.


Fecal excretion of mercury occurs as the result of excretion in the saliva, secretion through the
epithelium of the small intestines and colon and secretion in the bile (Berlin 1986).  Secretion of
mercuric mercury in the bile is believed to result from active transport of a mercury-glutathione complex
across the canalicular membrane via the glutathione carrier (Ballatori and Clarkson 1982).


Mercuric mercury may also be excreted in breast milk during lactation (Yoshida et al. 1992). 
The levels in breast milk are proportional to the plasma content.  In maternal guinea pigs, milk levels
were approximately half of that found in plasma.  After termination of exposure, however, mercury levels
in milk decreased at a slower rate than plasma mercury levels.


2.4.3 Methylmercury


Like inorganic mercury, methylmercury has a relatively long half-life of approximately 70–80
days in the human body (Aberg et al. 1969; Bernard and Purdue 1984; Miettinen 1973).  Recently a
shorter half-life of 44 days was estimated by Smith et al. (1994) in their study of seven adult males
treated i.v. with methylmercury.  In this study methylmercury and inorganic mercury concentrations in
blood and excreta were determined separately based on differential extractability into benzene.  The
predominant species in the blood was methylmercury; there was no detectable methylmercury in the
urine.


The long half-life of methylmercury in the body is due, in part, to reabsorption of methylmercury
secreted into the bile (hepato-biliary cycling) (Norseth and Clarkson, 1971).  In this cycle,
methylmercury forms a complex with glutathione in the hepatocyte, and the complex is secreted into the
bile via a glutathione carrier protein (Clarkson, 1993b).  The methylmercury-glutathione complex in the
bile may be reabsorbed from the gallbladder and intestines into the blood.  When microorganisms found
in the intestines demethylate methylmercury to form mercuric mercury, this cycle is broken, and fecal
excretion of mercury from methylmercury occurs (Rowland et al. 1980).  Mercuric mercury is poorly
absorbed from the intestines, and that which is not reabsorbed is excreted in the feces.  In humans,
approximately 90% of the absorbed dose of methylmercury is excreted in the feces as mercuric mercury. 
Excretion via the urine is minor but slowly increases with time; at 100 days after dosing, urinary
excretion of mercury accounted for 20% of the daily amount excreted.  The urinary excretion of mercury
may reflect the deposition of demethylated mercury in the kidneys and its subsequent excretion.
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In animals, the predominant route of methylmercury elimination also is the feces (Farris et al.
1993; Hollins et al. 1975; Thomas et al. 1987).  As in humans, biliary excretion of methylmercury and its
demethylation in gastrointestinal flora have been reported in rats (Farris et al., 1993).  After a single oral
dose of methylmercury, the major elimination route was the feces (65% of the administered dose as
inorganic mercury and 15% of the administered dose as methylmercury) and the minor route was urine
(1% of the administered dose as inorganic mercury and 4% of the administered dose as methylmercury)
(Farris et al. 1993).


In rat and monkey neonates, excretion of methylmercury is severely limited (Lok 1983; Thomas
et al. 1982).  In rats dosed prior to 17 days of age, essentially no mercury was excreted (Thomas et al.
1982).  By the time of weaning, the rate of excretion had increased to adult levels.  The failure of
neonates to excrete methylmercury may be associated with the inability of suckling infants to secrete bile
(Ballatori and Clarkson 1982) and the decreased ability of intestinal microflora to demethylate
methylmercury during suckling (Rowland et al. 1977).


Methylmercury is also excreted in breast milk (Bakir et al. 1973; Sundberg and Oskarsson 1992). 
The ratio of mercury in breast milk to mercury in whole blood was approximately 1:20 in women
exposed to methylmercury via contaminated grain in Iraq between 1971 and 1972 (Bakir et al. 1973). 
Evidence from the Iraqi poisoning incident also showed that lactation decreased blood mercury clearance
half-times from 75 days in males and nonlactating females to 42 days in lactating females; the faster
clearance due to lactation was confirmed in mice (Greenwood et al. 1978).  In mice, of the total mercury
in the breast milk, approximately 60% was estimated to be methylmercury.  Skerfving (1988) has found
that 16% of mercury in human breast milk is methylmercury.  Studies in animals indicate that the
mercury content of breast milk is proportional to the mercury content of plasma (Sundberg and
Oskarsson, 1992; Skerfving, 1988).


2.5 Biological Monitoring


This section describes the various biological media most frequently used when assessing mercury
exposure.  In addition, this section describes the available analytical methods for measuring mercury in
biological samples.  Reference values for mercury in standard biological media from the general
population are shown in Table 2-1.  These values represent total mercury, not individual mercury species. 
For hair and blood, these have been indexed to fish consumption as the most common route of exposure
in humans.


2.5.1 Elemental Mercury


Blood and urinary mercury are common to assess occupational mercury exposure.


2.5.1.1 Blood


In workers chronically exposed to mercury vapor, a good correlation was observed between
intensity of mercury vapor exposure and levels of mercury in the blood at the end of a workshift (Roels et
al. 1987).  The usefulness of blood as a biomarker for exposure to elemental mercury depends on the time
elapsed since exposure and the level of exposure.  For recent, high-level exposures, whole blood analysis
may be used to assess exposure (Clarkson et al. 1988).  Mercury in the blood peaks rapidly, however, and
decreases with an initial half-life of approximately two to four days (Cherian et al. 1978).  Thus,
evaluation of blood mercury is of limited value if a substantial amount of time has elapsed since
exposure.  Also, dietary methylmercury contributes to the amount of mercury measured in blood.  At low
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levels of elemental mercury exposure, the contribution of dietary methylmercury to the total blood
mercury may be high relative to that of the inhaled mercury, limiting the sensitivity of this biomarker. 
Several studies have 


Table 2-1
Reference Values for Total Mercury Concentrations in Biological Media for


the General Population


Medium Mercury Concentration Reference


Whole blood 1–8 µg/L WHO (1990)


   Fish consumption: Brune (1991)
      No fish meals 2.0 µg/L
      2 meals/week 4.8 µg/L
      2-4 meals/week 8.4 µg/L
      more than 4 meals/week 44.4 µg/L


 2 µg/L Nordberg et al. (1992)


Urine 4–5 µg/L WHO (1990)


Scalp hair  2 µg/g WHO (1990)
   Fish consumption: Airey (1983)
      once/mo    1.4 µg/g
      once/2 wk    1.9 µg/g
      once/wk    2.5 µg/g
      once/day    11.6 µg/g


separated whole blood into its plasma and erythrocyte fractions in order to evaluate potential
confounding factors due to the presence of methylmercury (95% of methylmercury is found in the red
blood cell).  Some published values indexed to fish consumption are in Table 2-1.


2.5.1.2 Urine


Urinary mercury is thought to indicate most closely the mercury levels present in the kidneys
(Clarkson et al. 1988).  For most occupational exposures, urinary mercury has been used to estimate
exposure.  In contrast to blood mercury levels, urinary mercury peaks approximately 2–3 weeks after
exposure and decreases at a much slower rate with a half-life of 40–60 days for short-term exposures and
90 days for long-term exposures (Barregard et al. 1992; Roels et al. 1991).  The urine remains, therefore,
a more appropriate indicator for longer exposures than blood samples.  As little dietary methylmercury is
excreted in the urine, the contribution of ingested methylmercury to the measured levels is not expected
to be high.  Good correlations have been observed between urinary mercury levels and air levels of
mercury vapor; however, these correlations were obtained after correcting urinary mercury content for
variations in the urinary excretion rate (using urinary creatinine content or specific gravity) and after
standardizing the amount of time elapsed after exposure (Roels et al. 1987).  Such steps are necessary
because considerable intra- and interindividual variability has been observed in the urinary excretion rate
(Barber and Wallis 1986; Piotrowski et al. 1975).  Even when such precautions are taken, intraindividual
variability remains at �18% (Barregard et al. 1992; Roels et al. 1987).


2.5.1.3 Exhaled Air


Exhaled air has been suggested as a possible biomarker of exposure to elemental mercury vapor
because a portion of absorbed mercury vapor is excreted via the lungs.  Excretion by this route has a half-
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life of approximately 18 hours (Hursh et al. 1976).  At low levels of exposure, however, mercury vapor
released from dental amalgam may contribute substantially to the measured amount of mercury.


2.5.2 Inorganic Mercury


No information was identified in the literature that specifically assessed biological indicators for
inorganic mercury exposure.  The information presented above for detection of mercury in blood and
urine after occupational exposure to elemental mercury vapor should also apply to inorganic mercury
exposures because elemental mercury vapor is rapidly converted to mercuric mercury after absorption.


2.5.3 Methylmercury


Blood and scalp hair are the primary indicators used to assess methylmercury exposure.


2.5.3.1 Blood


Because methylmercury freely distributes throughout the body, blood is a good indicator medium
for estimating methylmercury exposure.  Because an individual's intake may fluctuate, blood levels may
not necessarily reflect mercury intake over time (Sherlock et al. 1982; Sherlock and Quinn, 1988).  At
steady state, blood levels have been related to dose by the following equation (Kershaw et al. 1980):


Where:
C = concentration in blood (expressed in �g/L)
V = volume of blood (expressed as L)
b = the kinetic rate constant (day )-1


A = absorption rate (unitless)
F = fraction of dose that is present in blood
d = intake (�g/day)


It is useful to measure blood hematocrit and mercury concentrations in both whole blood and
plasma.  From these data, the red blood cell to plasma mercury ratio may be determined, and interference
from exposure to high levels of elemental or inorganic mercury may be estimated (Clarkson et al. 1988).


2.5.3.2 Scalp Hair


Scalp hair can also be a good indicator medium for estimating methylmercury exposure (Phelps
et al. 1980).  Methylmercury is incorporated into scalp hair at the hair follicle in proportion to its content
in blood.  The hair-to-blood ratio in humans has been estimated as approximately 250:1 expressed as �g
Hg/g hair to mg Hg/L blood, but some difficulties in measurements, interindividual variation in body
burden, differences in hair growth rates, and variations in fresh and saltwater fish intake have led to
varying estimates (Birke et al. 1972; Skerfving 1974).  Once incorporated into the hair, the
methylmercury is stable, and, therefore, gives a longitudinal history of blood methylmercury levels







2-12


(Phelps et al. 1980; WHO, 1990).  Analysis of hair mercury levels may be confounded by adsorption of
mercury vapor onto the hair strands (Francis et al. 1982).


2.5.4 Methods of Analysis for Measuring Mercury in Biological Samples


The most common methods used to determine mercury levels in blood, urine and hair of humans
and animals include atomic absorption spectrometry (AAS), neutron activation analysis (NAA), X-ray
fluorescence (XRF) and gas chromatography (GC).  Table 2-2 identifies the major characteristics of these
methods.


Table 2-2
Analytical Methods for the Detection of Mercury in Biological Samples


Method Methylmercury? Detection Limit (ppm) References
Able to Distinguish


NAA No   0.1 Byrne and Kosta (1974)
WHO (1976)


AAS No 2 Hatch and Ott (1968)
No  PPB range Magos and Clarkson (1972)a


GC — Electron capture Yes   1.0 Von Burg et al. (1974)
Cappon and Smith (1978)


XRF No "low ppm" Marsh et al. (1987)


 The Magos and Clarkson method estimates methylmercury by subtracting the inorganic mercury content froma


   the total mercury content.


2.6 Studies on Pharmacokinetic Models


2.6.1 Introduction


Pharmacokinetic modeling is a process by which administered dose, such as the amount of a
compound instilled into the body via inhalation, ingestion or parenteral route is used to estimate 
measures of tissue dose which may not always be accessible to measurement by direct experimentation. 
A pharmacokinetic model is employed to predict relevant measures of tissue dose under a wide range of
exposure conditions.  In practice, the pharmacokinetic models used may incorporate features such as
compartmental analysis and physiologically-based models.


Reports available on the in vivo distribution of several types of mercury compounds provide
different physiokinetic relationships between the structure of mercury compounds and their behavior in
living organisms because the studies reported have been carried out under different experimental
conditions.  Takeda et al. (1968) reported that in the rat, alkyl mercury compounds such as ethylmercuric
chloride and butylmercuric chloride were excreted more slowly and were retained in higher concentration
for a longer time in the body than mercuric chloride and phenylmercuric chloride.  The distribution of
mercury in the brain was found to depend on the structure of the mercury compounds; relatively high
accumulation was observed for ethyl and n-butyl mercury compounds.  Sebe and Itsuno (1962) reported
that after oral administration  methyl-, ethyl-, and n-propylmercury compounds were neurotoxic to rats;
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n-butylmercury was not neurotoxic and thus presumably did not cross the blood-brain barrier.  By
contrast, Suzuki et al. (1963, 1964) reported that ethylmercuric acetate and n-butylmercuric acetate had
similar patterns of distribution when subcutaneously administered to mice.


2.6.2 Inorganic mercury


Few controlled laboratory studies of pharmacokinetics of mercury in humans have been
published (Hursh et al. 1976, Rahola et al. 1973).  Rahola et al. (1973) examined mercury absorption and
elimination after oral administration of mercuric nitrate to five male and five female volunteers, and
reported very low and variable rate of gastrointestinal absorption (8 to 25% dose).  They reported a half-
time for inorganic mercury in human red blood cells of 16 days and whole body of 46 (32–60) days in
males and somewhat lower values in females.  Hursh et al. (1976) found half-times for mercury clearance
from the body of 58 (35–90) days after exposure to mercury vapor.  Whole body clearance from the
Rahola et al. (1973) study appeared biphasic with half-times of 2.3 days for the fast compartment and 42
(39–45) days for the slow compartment.


Low and variable rates of absorption of orally administered inorganic mercury in the Rahola et
al. (1973) study prompted Hall et al. (1994) to examine distribution of intravenously administered
inorganic mercury in human volunteers.  In order to describe retention of mercury after transient
distributional effects, a one-compartment model was fit to the blood and body burden data after day 10,
assuming first order kinetics.  The half-lives observed in the single compartment model for blood and
body burden were 30 (19.7–65.6 days) and 67 (48.6–95.5 days) days, respectively.  The authors
attempted closer agreement between observed and predicted values by structuring a multicompartment
model.  Measured mercury concentrations in blood, urine, feces, and whole body radioactive levels of
mercury were used in an a posteriori fashion to develop a model comprising six blood compartments,
one compartment each for feces and urine and a delayed compartment for feces.  Inter-subject variability
(temporal pattern of blood mercury) and the existence of a kinetically distinct plasma pool (three distinct
compartments) for mercury resulted in equivocal predictions for blood, urine and feces; whether these
findings point to uncertainties of measurement of body burden or incomplete collection of excreta or
suggest other pathways of excretion, such as exhalation or sweating, is unknown.  The authors concluded
that this type of complex pattern of blood kinetics, although unusual, is not without precedent.  Four
kinetically distinct plasma pools of selenium has been reported after oral dosing with a stable isotopic
tracer (Patterson and Zech 1992).  Hall et al. (1994) noted that the apparently linear kinetics observed for
the small tracer doses of i.v. inorganic mercury would likely change with toxicity associated with larger
or more frequent doses.


2.6.3 Methylmercury


Methylmercury is structurally the simplest of the organic mercurials; it bioaccumulates in certain
species of fish, some of which are important human and wildlife foods.  In order to elucidate the
mechanisms that influence the pharmacokinetics of both methylmercury and mercuric mercury and to
extrapolate further both intra- and inter-species extrapolation of experimental data for these toxins, Farris
and associates (1993) developed a physiological pharmacokinetic model for methylmercury and its
metabolite, mercuric mercury.  This was done in growing rats dosed orally with labeled methylmercury
over a period of 98 days.  Mercuric mercury accounted for less than 0.5% of total activity.  Extensive sets
of metabolism and distribution data were collected to understand the processes that influence the
pharmacokinetics of both methylmercury and mercuric mercury.  The model consisted of nine lumped
compartments, each of which represented a major site of mercury accumulation, distribution or
elimination.  The carcass served as a residual compartment, which included all tissues and organs not
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separately incorporated into the model.  Model simulations in this study were made with experimentally
determined concentrations of both inorganic and methylmercury in blood, brain, kidney and liver. The
data showed bidirectional and symmetric transport of both chemical species between blood and tissues
with relatively slow movement into and out of the brain.  Some key parameters remained uncertain; for
example, the rate constant for demethylation is one of the most critical in adopting the model to other
species.  This model, however, established a foundation for more complete understanding of
methylmercury pharmacokinetics.  With further refinements, it could be applied to other species
including humans.  To characterize health hazard from dietary methylmercury better, one needs to
understand the distribution of methylmercury in the body, the extent to which it accumulates and the rate
at which it is eliminated.  Farris et al. (1993) noted that following methylmercury dosing there was a
buildup of inorganic mercury in tissues and that excreted mercury was predominantly mercuric;
methylmercury behaved as a single body pool, while mercuric mercury was handled differently in
different tissues.


Smith and associates (1994) made further refinements to the Farris et al. (1993) model. They
reported a multicompartment pharmacokinetic model for methylmercury and mercuric mercury in seven
human volunteers.  This model simulated the long-term disposition of methylmercury and inorganic
mercury in humans following a single i.v. dose of radio-labeled methylmercury.  This was a tracer
amount to avoid toxic or saturation effects.  The behavior of both methylmercury and inorganic mercury
in the body was modeled with the simplest compartmental model which fitted the data; blood, urine and
feces data were used to fit the model.  In this model the tracer dose was delivered to the first blood
compartment and subsequently distributed to two extra-vascular methylmercury compartments; two
distinct compartments (urine and feces) for inorganic mercury were added features.  This five-
compartment model showed that inorganic mercury accumulated in the body and at longer times was the
predominant form of mercury present.  The biological half-life of methylmercury in the body was
calculated to be 44 days, and 1.6% of the body burden was lost each day by both metabolism and
excretion.


To characterize neurological impairments of prenatal methylmercury exposure in children,
Gearhart and associates (1995) applied a more sophisticated multispecies pharmacokinetic model  and
statistical dose-response analysis to an epidemiological study of a large population in New Zealand
(Kjellstrom et al. 1989) which featured relatively constant chronic exposure to methylmercury in fish. 
The model for methylmercury in this study consisted of an adult with 11 compartments representing both
organ-specific and lumped tissues; eight compartments represented transport of methylmercury as flow-
limited, and three other compartments represented transport as diffusion-limited.  The flow-limited
compartments were plasma, kidney, richly perfused, slowly perfused, brain-blood, placenta, liver and gut
compartments; RBC, brain and fetus were the diffusion-limited compartments.  There were also four
other compartments in the model which were involved in methylmercury uptake and elimination: 
methylmercury in the urine; and methylmercury and inorganic mercury in the hair, feces and the
intestinal lumen.  The fetal sub-model for methylmercury consisted of four compartments:  fetal plasma,
RBCs, brain and  the remaining fetal body.  This modeling effort was designed to create a multispecies
model that would be amenable to simulation of the kinetics of methylmercury by simply changing the
species-specific parameters.  Unlike Farris et al. (1993), separate red blood cell and plasma
compartments were used to predict changes in kinetics of methylmercury across species due to
differences in the red blood cell/plasma ratio.  Different pharmacokinetic parameters, such as
tissue/blood partition coefficients and volume distributions for humans, rats and monkeys, were taken
from different studies published in the current literature.  The authors provided a benchmark dose on
results of a battery of neurobehavioral tests in 6-year-old children prenatally exposed to methylmercury
in seafood.  Their calculations suggested a NOAEL of 17 ppm Hg in maternal hair for the most sensitive
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neurological event in children.  The analysis of the pharmacokinetic model indicated that the fetal brain
concentrations of methylmercury at this NOAEL were on the order of 50 ppb and were associated with
maternal dietary intakes of methylmercury ranging from 0.8 to 2.5 �g/kg-day. These analyses provided
support to the Iraqi data used in the development of the RfD for methylmercury, presented in the risk
assessment chapter (Chapter 6) of this volume.


2.6.4 Discussion


Both simple and complex multi-compartment models have been reported by Hall et al. (1994),
Farris et al. (1993), Smith et al. (1994) and Gearhart et al. (1995).  The Hall et al. (1994) paper discussed
a model which employed inorganic mercury data obtained from human studies; however, temporal
patterns of blood mercury and the existence of kinetically distinct plasma pools for mercury present
uncertainties which limit the use of this model in risk assessment.  Farris et al. (1993) reported a
multicompartment model using data obtained from rats exposed to methylmercury in diets over a period
of 98 days.  They observed a buildup of inorganic mercury in tissues and the conversion of
methylmercury to inorganic mercury could not be accurately predicted by whole-body counting, which
was also subjected to errors from low sensitivity and the inability to compensate for geometric changes
due to redistribution of methylmercury or translocation of inorganic mercury to its target tissues.  Smith
and associates (1994) refined this model and presented a multicompartment model using data obtained
from humans given a single i.v. dose of methylmercury.  Uncertainties, however, persist in prediction of
methylmercury exposures in food.  Since methylmercury causes subtle neurotoxicity in children, this
model may not be predictive of exposure in children.  This potential neurotoxicity observed in prenatally
exposed children prompted Gearhart et al. (1995) to develop multicompartment adult and fetal model
using data from rat, monkey and humans.  This model was applied to an epidemiology study on which
benchmark dose analysis was used to better characterize the dose-response information rather than the
traditional NOAEL approach.  In the risk assessment chapter of this volume, U.S. EPA utilizes a
benchmark dose approach for setting the RfD for methylmercury.  A multispecies compartment model
discussed in the Gearhart et al. (1995) report may provide a viable approach because it can use data from
both adults and neonates.  This approach can use adult and neonatal effects data from several animal and
human studies to account for evidences of non-linearities in dose-responses.  Research is needed to
reduce uncertainties in racial, ethnic, and cultural differences which exist in epidemiological studies.
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3. BIOLOGICAL EFFECTS


This chapter summarizes the available toxicity data on mercury compounds; the information is
tabulated specifically for each form of mercury (i.e., elemental, inorganic and methylmercury) and each
toxicity endpoint.  Case studies in humans are distinguished from epidemiological studies and animal
studies.  In addition, critical studies for a given endpoint are briefly summarized in the narrative
preceding the corresponding table.


The tables provide information on study design, observed effects, study limitations and any
reported biological monitoring levels (BMLs) of mercury.  To the extent possible, BML values have been
reported in consistent units throughout this chapter (µg/L in body fluids, µg/g in tissue, µg/g creatinine in
urine).  It was not possible, however, to use completely consistent units because investigators measured
mercury in different media (e.g., blood, urine, or tissue) or used different time frames (e.g., µg/L urine,
µg/24 hour urine).  In addition, some investigators normalized urine concentrations to the amount of
creatinine, while most did not.  An explanation is provided in Appendix A for any dose conversions
required during review and evaluation of the toxicity and carcinogenicity studies reported in the
discussions presented below.


3.1 Elemental Mercury


3.1.1 Critical Noncancer Data


This section describes studies evaluated by U.S. EPA for use in assessing general systemic health
risks, primarily toxicity in exposed workers.  Chapter 6 describes the derivation of an inhalation
Reference Concentration (RfC) for elemental mercury based on neurotoxicity observed in several human
occupational studies.  For completeness, some of these studies are also presented in tabular form in
succeeding sections.


Fawer et al. (1983) used a sensitive measure of intention tremor (tremors that occur at the
initiation of voluntary movements) in workers occupationally exposed for an average of 26 years to
metallic mercury vapor.  A statistically significant difference was seen in the frequency of these tremors
in mercury-exposed workers compared with unexposed workers.  The concentration of metallic mercury
in the air was measured, and a time-weighted-average (TWA) of 0.026 mg/m  over an average of 15.33


years was derived.  This was based on the assumption that the workers were exposed to the same
concentration of mercury for the duration of their employment.  It should be noted that very little detail
was presented with regard to the measurement of the exposure levels, and that it is likely that there were
variations in the mercury air levels during the period of exposure.  Furthermore, the tremors may have
resulted from intermittent exposure to concentrations higher than the TWA.


Piikivi and Tolonen (1989) studied the effects of long-term exposure to mercury vapor on the
electroencephalograms (EEG) of 41 chloralkali workers exposed for a mean of 15.6 ± 8.9 years by
comparison to matched referent controls.  They found that the exposed workers, who had mean blood
mercury levels of 12 �g/L and mean urine mercury levels of 20 �g/L, tended to have an increased
number of EEG abnormalities when analyzed by visual inspection only.  When the EEGs were analyzed
by computer, the exposed workers had significantly slower and attenuated EEGs as compared to the
referents.  These changes were observed in 15% of the exposed workers.  The frequency of these changes
correlated with cortical mercury content (measured in other studies); the changes were most prominent in
the occipital cortex, less prominent in the parietal cortex and almost absent in the frontal cortex.  The
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authors extrapolated an exposure level associated with these EEG changes of 0.025 mg/m  from blood3


levels based on a conversion factor calculated by Roels et al. (1987).


Piikivi and Hanninen (1989) studied the subjective symptoms and psychological performances
on a computer-administered test battery in 60 chloralkali workers exposed to mercury vapor for a mean
of 13.7 ± 5.5 years as compared to matched referent controls.  The exposed workers had mean blood
mercury levels of 10 �g/L and mean urine mercury levels of 17 �g/L.  A statistically significant increase
in subjective measures of memory disturbance and sleep disorders was found in the exposed workers. 
The exposed workers also reported more anger, fatigue and confusion.  No objective disturbances in
perceptual motor, memory or learning abilities were found in the exposed workers.  The authors
extrapolated an exposure level associated with these subjective measures of memory disturbance of 0.025
mg/m  from blood levels based on a conversion factor calculated by Roels et al. (1987).3


Both subjective and objective symptoms of autonomic dysfunction were investigated in
41 chloralkali workers exposed to mercury vapor for a mean of 15.6 ± 8.9 years as compared to matched
referent controls (Piikivi 1989).  The quantitative non-invasive test battery consisted of measurements of
pulse rate variation in normal and deep breathing in the Valsalva maneuver and in vertical tilt, as well as
blood pressure responses during standing and isometric work.  The exposed workers had mean blood
levels of 11.6 �g/L and mean urinary levels of 19.3 �g/L.  The exposed workers complained of more
subjective symptoms of autonomic dysfunction than the controls, but the only statistically significant
difference was an increased reporting of palpitations in the exposed workers.  The quantitative tests
revealed a slight decrease in pulse rate variations, indicative of autonomic reflex dysfunction, in the
exposed workers.  The authors extrapolated an exposure level associated with these subjective and
objective measures of autonomic dysfunction of 0.03 mg/m  from blood levels based on the conversion3


factor calculated by Roels et al. (1987).


Sensory and motor nerve conduction velocities were studied in 18 workers from a mercury cell
chlorine plant (Levine 1982).  Time-integrated urine mercury levels were used as an indicator of mercury
exposure.  Using linearized regression analysis, the authors found that motor and sensory nerve
conduction velocity changes, (i.e., prolonged distal latencies) were correlated with the time-integrated
urinary mercury levels in asymptomatic exposed workers and occurred when urinary mercury levels
exceeded 25 �g/L.  This study demonstrated that elemental mercury exposure can be associated with
preclinical evidence of peripheral neurotoxicity.


Miller et al. (1975) investigated several subclinical parameters of neurological dysfunction in
142 workers exposed to inorganic mercury in either the chloralkali industry or a factory for the
manufacture of magnetic materials.  They found that there was a significant increase in average forearm
tremor frequency in workers whose urinary mercury concentration exceeded 50 �g/L as compared to
unexposed controls.  Also observed were eyelid fasciculation, hyperactive deep tendon reflexes and
dermatographia, but there was no correlation between the incidence of these findings and urinary
mercury levels.


Roels et al. (1985) examined 131 male and 54 female workers occupationally exposed to
mercury vapor for an average duration of 4.8 years.  Urinary mercury (52 and 37 �g/g creatinine for
males and females, respectively) and blood mercury levels (14 and 9 �g/L for males and females,
respectively) were recorded, but atmospheric mercury concentration was not provided.  Symptoms
indicative of central nervous system (CNS) disorders were reported but were not related to mercury
exposure.  Minor renal tubular effects were detected in mercury-exposed males and females and were
attributed to current exposure intensity rather than exposure duration.  Male subjects with urinary
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mercury levels of >50 �g/g creatinine exhibited preclinical signs of hand tremor.  It was noted that
females did not exhibit this effect, and that their urinary mercury never reached the level of 50 �g/g
creatinine.  A companion study (Roels et al. 1987) related air mercury levels to blood mercury
(Hg�blood) and urinary mercury (Hg�U) values in 10 workers in a chloralkali battery plant.  Duration of
exposure was not specified.  A high correlation was reported for Hg�air and Hg�U for pre-shift exposure
(r=0.70, p<0.001) and post-shift (r=0.81, p<0.001) measurements.  Based on these data and the results of
their earlier (1985) study, the investigators suggested that some mercury-induced effects may occur when
Hg�U levels exceed 50 �g/g creatinine and that this value corresponds to a mercury TWA of �0.04 mg
Hg/m .3


A survey of 567 workers at 21 chloralkali plants was conducted to ascertain the effects of
mercury vapor inhalation (Smith et al. 1970).  Mercury levels ranged from <0.01 to 0.27 mg/m , and3


chlorine concentrations ranged from 0.1 to 0.3 ppm in most of the working stations of these plants. 
Worker exposure to mercury levels (TWA) varied with 10.2% of the workers exposed to <0.01 mg
Hg/m , 48.7% exposed to 0.01–0.05 mg Hg/m , 25.6% exposed to 0.06–0.10 mg Hg/m , and 4.8%3 3 3


exposed to 0.24–0.27 mg Hg/m  (approximately 85% were exposed to mercury levels �0.1 mg/m ).  The3 3


duration of employment for the examined workers ranged from one year (13.3%) to >10 years (31%)
with 55.7% of the workers employed for 2 or 9 years.  A group of 600 workers not exposed to chlorine
served as a control group.  A strong positive correlation (p<0.001) was found between the mercury
TWAs and the reporting of subjective neuropsychiatric symptoms (nervousness, insomnia), occurrence
of objective tremors and weight and appetite loss.  A positive correlation (p<0.001) was also found
between mercury exposure levels and urinary and blood mercury levels of test subjects.  No adverse
alterations in cardiorespiratory, gastrointestinal, renal, or hepatic functions were attributed to the mercury
vapor exposure.  Additionally, biochemical (hematologic data, enzyme activities) and clinical
measurements (electrocardiogram, chest X-rays) were not different between the mercury-exposed and
non-exposed workers.  No significant signs or symptoms were noted for individuals exposed to mercury
vapor concentrations �0.1 mg Hg/m .  This study provides data indicative of a no-observed-adverse-3


effect level (NOAEL) of 0.1 mg Hg/m  and a lowest-observed-adverse-effect level (LOAEL) of 0.18 mg3


Hg/m .  In a follow-up study conducted by Bunn et al. (1986), however, no significant differences in the3


frequency of objective or subjective findings such as weight loss and appetite loss were seen in workers
exposed to mercury at levels that ranged between 50 and 100 mg/m .  The study by Bunn et al. (1986)3


was limited, in that little information was provided regarding several methodological questions such as
quality assurance measures and control of possible confounding variables.


Neurological signs and symptoms (i.e., tremors) were observed in 79 workers exposed to metallic
mercury vapor; urinary mercury levels in affected subjects exceeded 500 �g/L.  Short-term memory
deficits were seen in workers whose urine levels were less than 500 �g/L (Langolf et al. 1978).  Impaired
performance in mechanical and visual memory tasks and psychomotor ability tests was reported by Forzi
et al. (1978) in exposed workers whose urinary mercury levels exceeded 100 �g/L.


Decreased strength, decreased coordination, increased tremor, decreased sensation and increased
prevalence of Babinski and snout reflexes were exhibited by 247 exposed workers whose urinary
mercury levels exceeded 600 �g/L.  Evidence of clinical neuropathy was observed at urinary mercury
levels that exceeded 850 �g/L (Albers et al. 1988).  Preclinical psychomotor dysfunction was reported to
occur at a higher incidence in 43 exposed workers (mean exposure duration of 5 years) whose mean
urinary excretion of mercury was 50 �g/L.  In the same study, workers whose mean urinary mercury
excretion was 71 �g/L had a higher incidence of total proteinuria and albuminuria (Roels et al. 1982). 
Postural and intention tremor was observed in 54 exposed workers (mean exposure duration of 7.7 years)
whose mean urinary excretion of mercury was 63 �g/L (Roels et al. 1989).  Verbeck et al. (1986)
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observed an increase in tremor parameters with increasing urinary excretion of mercury in 21 workers
exposed to mercury vapor for 0.5–19 years.  The LOAEL for this effect was a mean urinary excretion of
35 �g/g creatinine.


The elemental mercury levels reported to be associated with preclinical and symptomatic
neurological dysfunction are generally lower than those found to affect kidney function, as discussed
below.


Piikivi and Ruokonen (1989) found no evidence of glomerular or tubular damage in
60 chloralkali workers exposed to mercury vapor for an average of 13.7 ± 5.5 years as compared to their
matched referent controls.  Renal function was assessed by measuring urinary albumin and N-acetyl-�-
glucosaminidase (NAG) activity.  The mean blood mercury level in the exposed workers was 14 �g/L,
and the mean urinary mercury level was 17 �g/L.  The authors extrapolated a NOAEL for kidney effects
based on these results of 0.025 mg/m  from blood levels based on the conversion factor calculated by3


Roels et al. (1987).


Stewart et al. (1977) studied urinary protein excretion in 21 laboratory workers exposed to
0.01–0.05 mg/m  of mercury.  Their urinary level of mercury was ~35 �g/L.  Increased proteinuria was3


found in the exposed workers by comparison to unexposed controls.  When preventive measures were
instituted to limit exposure to mercury, proteinuria was no longer observed in the exposed technicians.


Lauwerys et al. (1983) found no change in several indices of renal function (e.g., proteinuria,
albuminuria, urinary excretion of retinol-binding protein, aminoaciduria, creatinine in serum,
� -microglobulin in serum) in 62 workers exposed to mercury vapor for an average of 5.5 years.  The2


mean urinary mercury excretion in the exposed workers was 56 �g/g creatinine, which corresponds to an
exposure level of �0.046 mg/m  according to a conversion factor of 1:1.22 (air:urine [�g/g creatinine])3


(Roels et al. 1987).  Despite the lack of renal effects observed, 8 workers were found to have an increase
in serum anti-laminin antibodies, which can be indicative of immunological effects.  In a follow-up study
conducted by Bernard et al. (1987), however, there was no evidence of increased serum anti-laminin
antibodies in 58 workers exposed to mercury vapor for an average of 7.9 years.  These workers had a
mean urinary mercury excretion of 72 �g/g creatinine, which corresponds to an exposure level of �0.059
mg/m .3


Renal function in 100 chloralkali workers exposed to inorganic mercury vapor for an average of
8 years was studied (Stonard et al. 1983).  No changes in the following urinary parameters of renal
function were observed at mean urinary mercury excretion rates of 67 �g/g creatinine:  total protein,
albumin, � -acid glycoprotein, � -microglobulin, NAG and �-glutamyl transferase.  When urinary1 2


mercury excretion exceeded 100 �g/g creatinine, a small increase in the prevalence of higher activities of
NAG and �-glutamyl transferase were observed.


Rosenman et al. (1986) evaluated routine clinical parameters (physical exams, blood chemistry,
urinalysis), neuropsychological disorders, urinary NAG, motor nerve conduction velocities and
occurrence of lenticular opacities in 42 workers of a chemical plant producing mercury compounds.  A
positive correlation (p<0.05 to p<0.001) was noted between urinary mercury (levels ranged from
100–250 �g/L) and the number of neuropsychological symptoms, NAG excretions and decrease in motor
nerve conduction velocities.  Evidence of renal dysfunction was seen in 63 chloralkali workers.  This
included increased plasma and urinary concentrations of �-galactosidase, increased urinary excretion of
high-molecular weight proteins and a slightly increased plasma � -microglobulin concentration.  The2
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incidence of these effects increased in workers whose urinary mercury excretion exceeded 50 �g/g
creatinine (Buchet et al. 1980).


Increased urinary NAG levels were found in workers whose urinary mercury levels exceeded
50 �g/L (Langworth et al. 1987).  An increase in the concentration of urinary brush border proteins (BB-
50) was observed in 20 workers whose mean urinary mercury excretion exceeded 50 �g/g creatinine
(Mutti et al. 1985).  Foa et al. (1976) found that 15 out of 81 chloralkali workers exposed to 0.06–0.30
mg/m  mercury exhibited proteinuria.  An increased excretion of �-glutamyl transpeptidase, indicative of3


renal dysfunction, was found in 509 infants dermally exposed to phenylmercury via contaminated diapers
(Gotelli et al. 1985).


The elemental mercury levels reported to be associated with preclinical and symptomatic
neurological dysfunction and kidney effects are lower than those found to affect pulmonary function, as
discussed below.


McFarland and Reigel (1978) described the cases of six workers who were acutely exposed (4–8
hours) to calculated metallic mercury vapor levels of 1.1–44 mg/m .  These men exhibited a combination3


of chest pains, dyspnea, cough, hemoptysis, impairment of pulmonary function (reduced vital capacity),
diffuse pulmonary infiltrates and evidence of interstitial pneumonitis.  Although the respiratory
symptoms resolved, all six cases exhibited chronic neurological dysfunction, presumably as a result of
the acute, high-level exposure to mercury vapor.


Lilis et al. (1985) described the case of a 31-year-old male who was acutely exposed to high
levels of mercury vapor in a gold extracting facility.  Upon admission to the hospital, the patient
exhibited dyspnea, chest pain with deep inspiration, irregular infiltrates in the lungs and reduced
pulmonary function (forced vital capacity).  The level of mercury to which he was exposed is not known,
but a 24-hour urine collection contained 1,900 �g Hg/L.  Although the patient improved gradually over
the next several days, he still showed signs of pulmonary function abnormalities (e.g., restriction and
diffusion impairment) 11 months after exposure.


Levin et al. (1988) described four cases of acute high-level mercury exposure during gold ore
purification.  The respiratory symptoms observed in these four cases ranged from minimal shortness of
breath and cough to severe hypoxemia.  The most severely affected patient exhibited mild interstitial lung
disease both radiographically and on pulmonary function testing.  One patient had a urinary mercury
level of 245 �g/L upon hospital admission.  The occurrence of long-term respiratory effects in these
patients could not be evaluated since all but one refused follow-up treatment.


Schweinsberg (1994) evaluated mercury in hair, blood and urine of subjects who had amalgam
fillings, who consumed fish or who had occupational exposure. The first group consisted of 67 males
aged 16-72 yrs, mean age 36.  The fish-eating population was 149 males and females (age 22-80, mean =
47) who either did or did not eat fish from the Rhine River.  The workers were 105 male and female
employees of a Thuringian thermometer plant (ages 19- 65, mean = 42). Both fish consumption and the
presence of mercury amalgam fillings resulted in measurable mercury in blood or urine.  The range of
mercury in the workers was higher by about 100 fold. The authors present most of the data graphically;
they report that persons without amalgam fillings who did not consume Rhine fish or work in the
thermometer factory had blood mercury in the range of 0.2 µg/l (detection limit) and 0.4 µg/l (n not
given).  It appears that from Figure 5 of the paper that blood mercury levels ranged between 100-120 
µg/l in 5 workers. The authors state that no changes in nerve conduction velocities or N-acetyl-�-D-
glucosaminidase activities were observed (data not shown in paper). 
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3.1.2 Cancer Data


3.1.2.1 Human Data


A number of epidemiological studies were conducted that examined mortality among elemental
mercury vapor-exposed workers.  Conflicting data regarding a correlation between mercury exposure and
an increased incidence of cancer mortalities have been obtained.  All of the studies have limitations
which compromise interpretation of their results.  These studies are summarized in Table 3-1.


A retrospective cohort study examined mortality among 5,663 white males who worked between
1953 and 1958 at a plant in Oak Ridge, Tennessee, where elemental mercury was used for lithium isotope
separation (Cragle et al. 1984).  The workers were divided into three cohorts: exposed workers who had
been monitored on a quarterly basis for mercury levels in urine (n=2,133); workers exposed in the
mercury process section for whom urinalysis monitoring data were not collected (n=270); and unexposed
workers from other sections of the nuclear weapons production facility (n=3,260).  The study subjects
worked at least 4 months during 1953–1958 (a period when mercury exposures were likely to be high);
mortality data from death certificates were followed through the end of 1978.  The mean age of the men
at first employment at the facility was 33 years, and average length of their employment was greater than
16 years with a mean 3.73 years of estimated mercury exposure.  Air mercury levels were monitored
beginning in 1955, and during 1955 through the third quarter of 1956, air mercury levels were above 100
µg/m  in 30–80% of the samples.  Thereafter, air mercury levels decreased to concentrations below 1003


µg/m .  The mortality experience [standard mortality ratio (SMR)] of each group was compared with the3


age-adjusted mortality experience of the U.S. white male population.  Among exposed and monitored
workers, there were no significant increases in mortality from cancer at any site, even after the level or
length of exposure was considered.  A significantly lower mortality from all causes was observed.  There
was an excess of deaths due to lung cancer in the exposed, monitored workers (42 observed, 31.36
expected) but also in the unexposed workers (71 observed and 52.93 expected).  The SMR for each group
was 1.34; the elevated incidence of lung cancer deaths was, therefore, attributed to some other factor at
the plant and/or to lifestyle factors (e.g., smoking) common to both the exposed and unexposed groups. 
Study limitations include small cell sizes for cancer mortality, which limited the statistical stability of
many comparisons.


Barregard et al. (1990) studied mortality and cancer morbidity between 1958 and 1984 in 1,190
workers from eight Swedish chloralkali plants that used the mercury cell process in the production of
chlorine.  The men included in the study had been monitored for urinary or blood mercury for more than
one year between 1946 and 1984.  Vital status and cause of death were ascertained from the National
Population Register and the National Bureau of Statistics.  The cancer incidence of the cohort was
obtained from the Swedish Cancer Register.  The observed total mortality and cancer incidences were
compared with those of the general Swedish male population.  Comparisons were not made between
exposed and unexposed workers.  Mean urinary mercury levels indicated a decrease in exposure between
the 1950s and 1970s; the mean urinary mercury level was 200 µg/L during the 1950s, 150 µg/L during
the 1960s and 50 µg/L in the 1970s.  Mortality from all causes was not significantly increased in exposed
workers.  A significant increase in deaths from lung tumors with greater than 10 years of latency was
seen in exposed workers (rate ratio, 2.0; 95% C.I. 1.0–3.8), but 9 of the 10 observed cases of lung cancer
occurred among workers (457 of the 1,190) possibly exposed to asbestos as well as to mercury.  No dose
response was observed with respect to mercury exposure and lung tumors.  This study is limited because
no quantitation was provided on smoking status, and results were confounded by exposure to asbestos.
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Table 3-1
Carcinogenic Effects of Elemental Mercury in Humans:  Epidemiological Studies


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/  �4 months NS, but up No biologically significant increase in cancer mortality in workers Cragle et al. 1984
2,133 M  (occup) to 80% of at an isotope enrichment plant, compared with unexposed workers


air samples at the same plant, or with age-adjusted mortality of U.S. males. 
in early Lung cancer mortality was increased in exposed workers, but the
years were increase was not statistically significant and a significant increase
>0.10; this in lung cancer mortality was observed in unexposed workers.
declined to Limitations:  small cell size for cancer mortality, limiting
1-10% in statistical power of comparisons
later years BML not reported


Human/376 NS NS Increased lung cancer incidence among female hat makers Buiatti et al. 1985
cases of lung (occup) (p = 0.01).  Controls were matched by age, sex and smoking
cancer (6 were history.
hatmakers), 892 Limitations:  Hat makers were also exposed to arsenic
controls BML not reported


Human/ NS NS Increased incidence of glioblastomas among dental professionals. Ahlbom et al. 1986
cohort/3454 M, (occup) 95% C.I. = 1.3-3.4.  Expected incidence was based on all
5787 F employed people (Sweden), stratified by age, sex and county.  


Limitations:  No information was provided on the duration or level
of exposure; subjects were also exposed to chloroform and X-rays.
BML not reported


Human/9,912 M NS NS Increased lung cancer mortality among metal miners (95% Amandus and
(369 silicotics, (occup) C.I. = 0.94-2.90 for silicotics, 0.98-1.42 for nonsilicotics). Costello 1991
9,543 Limitations:  Miners were exposed to a variety of metals.  Only
nonsilicotics) 274 worked in mercury mines, and data were not reported


separately for this group.  Workers were also exposed to radon,
increase may have been related to silicosis 
BML not reported


Human/ �1 year NS Increased incidence of lung cancer among chloralkali workers, but Ellingsen et al. 1992
cohort/799 M (occup) there was no association with cumulative mercury dose, years of


employment or latency (95% C.I. = 1.0-2.6).  The increase could
be partly explained by an assumed higher smoking incidence and
asbestos exposure.  Cancer mortality and incidence compared with
age-adjusted Norwegian population.
Limitations:  Subjects were also exposed to chlorine and low levels
of asbestos dust.  Limited data available, since reported as an
abstract.
BML not reported


Human/1190 M at least one NS Cancer and mortality rates compared with general population; no Barregard et al. 1990
year grouped by increase in mortality; excess of lung cancers (rate ratio = 2.0; 95%


years x U- CI 1.0-3.8)
Hg; Limitations:  co-exposure to asbestos
 >1000
ug/L,
1000-2000
ug/L,
>2000 ug/L







3-8


Ahlbom et al. (1986) examined the cancer mortality during 1961 to 1979 of cohorts of Swedish
dentists and dental nurses aged 20–64 and employed in 1960 (3,454 male dentists, 1,125 female dentists,
4,662 female dental nurses).  Observed incidences were compared with those expected based on cancer
incidence during 1961–1979 among all Swedes employed during 1960 and the proportion of all Swedes
employed as dentists and dental nurses.  Data were stratified by sex, age (5-year age groups), and county. 
The incidence of glioblastomas among the dentists and dental nurses combined was significantly
increased (SMR, 2.1; 95% C.I. 1.3–3.4); the individual groups had elevated SMRs (2.0–2.5), but the 95%
confidence intervals of these groups included unity.  By contrast, physicians and nurses had SMRs of
only 1.3 and 1.2, respectively.  Exposure to mercury could not be established as the causative factor
because exposure to other chemicals and X-rays was not ruled out.


Amandus and Costello (1991) examined the association between silicosis and lung cancer
mortality between 1959 and 1975 in white male metal miners (n=9,912) employed in the United States
between 1959 and 1961.  Mercury exposures were not monitored.  Exposures to specific metals among
the silicotic and nonsilicotic groups were analyzed separately.  Lung cancer mortality in both silicotic
and nonsilicotic groups was compared with rates in white males in the U.S. population.  Both silicotic
(n=11) and nonsilicotic mercury miners (n=263) had significantly increased lung cancer mortality (SMR,
14.03, 95% C.I., 2.89–40.99 for silicotics; SMR, 2.66, 95% C.I. 1.15–5.24 for nonsilicotics).  The
analysis did not focus on mercury miners, and confounders such as smoking and radon exposure were not
analyzed with respect to mercury exposure.  This study is also limited by the small sample size for
mercury miners.


A case-control study of persons admitted to a hospital in Florence, Italy with lung cancer
between 1981-1983 was performed to evaluate occupational risk factors (Buiatti et al. 1985).  Cases were
matched with one or two controls (persons admitted to the hospital with diagnoses other than lung cancer
or suicide) with respect to sex, age, date of admission, and smoking status.  Women who had "ever
worked" as hat makers had a significantly increased risk of lung cancer (p=0.01; determined using the
Mantel-Haenszel Chi-square test).  The duration of employment as a hat maker averaged 22.2 years, and
latency averaged 47.8 years.  Workers in the Italian hat industry were known to be occupationally
exposed to mercury; however, the design of this study did not allow evaluation of the relationship
between cumulative exposure and cancer incidence.  In addition, interpretation of the results of this study
is limited by the small sample size (only 6/376 cases reported this occupation) and by exposure of hat
makers to other pollutants including arsenic, a known lung carcinogen.


Ellingsen et al. (1992) examined the total mortality and cancer incidence among 799 workers
employed for more than 1 year in two Norwegian chloralkali plants.  Mortality incidence between 1953
and 1988 and cancer incidence between 1953 and 1989 were examined.  Mortality and cancer incidence
were compared with that of the age-adjusted general male Norwegian population.  No increase in total
cancer incidence was reported, but lung cancer was significantly elevated in the workers (ratio, 1.66;
95% C.I. 1.0–2.6).  No causal relationship can be drawn between mercury exposure and lung cancer
because no correlation existed between cumulative mercury dose, years of employment, or latency time. 
Also, the prevalence of smoking was 10–20% higher in the exposed workers and many workers were also
exposed to asbestos.


3.1.2.2 Animal Data


Druckrey et al. (1957) injected 0.1 mL of metallic mercury intraperitoneally into 39 rats (males
and females; numbers of each not specified) of the BD III and BD IV strains.  Among the rats surviving
longer than 22 months, 5 out of 12 developed peritoneal sarcomas (three females and two males).  All
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sarcomas were observed to have droplets of mercury present.  Although severe kidney damage was
reported in all treated animals, there were no renal tumors or tumors at any site other than the peritoneal
cavity.


3.1.3 Other Data


3.1.3.1 Death


Accidental exposure to high concentrations of elemental mercury vapor for short amounts of time
has led to deaths in humans (Table 3-2).  The cause of death in all available reports was respiratory
failure.  The onset of death occurred six hours to 23 days after exposure to mercury vapors (Campbell
1948; Kanluen and Gottlieb 1991; Rowens et al. 1991; Soni et al. 1992; Taueg et al. 1992).  Urinary
mercury concentrations indicated that body levels were up to 10 times higher than controls.  Only acute-
duration studies were found that directly linked elemental mercury vapor exposure to death.


Table 3-2
Lethality of Elemental Mercury in Humans:  Case Studies


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/1 F 5 hr NS Increased creatinine excretion; necrotic stomach mucosa; Campbell 1948
(4-month old) degeneration of convoluted tubules; death due to pulmonary


edema
Limitation:  Limited exposure data
BML not reported


Human/2 M, �24 hr NS Respiratory distress; CNS alterations; nausea; tubular Kanluen and
2 F (adult, necrosis of proximal tubules in kidneys Gottlieb 1991;
2 elderly) Limitation:  Limited exposure data Rowens et al. 1991


BML Range:  4.6-219 µg/L in urine


Human/1 F <6 hr NS Breathing difficulty; distended abdomen Soni et al. 1992
(1-yr old) Limitation:  Limited exposure data


BML not reported


Human/2 M, NS �0.91 at 11- Dyspnea; respiratory failure; death at 11-24 days Taueg et al. 1992
2 F (adults) (Acute) 18 days post- postexposure


exposure BML Range: 94-423 µg/L in urine


Human/2 Several 0.01-0.04 Numbness in fingers and toes; absence of deep tendon Taueg et al. 1992
F (children) months several reflexes; visual field defects; weakness


months after BML not reported
initial spill


Animal studies reveal that pulmonary edema and asphyxiation result from acute high-
concentration exposure to elemental mercury vapors (Table 3-3).  Exposure to elemental mercury vapors
for two hours at a concentration of 27 mg Hg/m  resulted in death of 20 of 32 rats (Livardjani et al.3


1991).  Rabbits exposed for 1 to 30 hours to 28.8 mg Hg/m  of elemental mercury vapors appeared to be3
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less affected.  Death occurred in only one of two rabbits exposed for 30 hours (Ashe et al. 1953). 
Exposure to the same concentration for a shorter duration resulted in no deaths.


Table 3-3
Lethality of Elemental Mercury in Animals:  Inhalation Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/m ) Effects/Limitations/BML Reference3


Rabbit/strain 1-30 hr 28.8 LD  for 30 hours; all rabbits exposed for shorter periods Ashe et al. 1953
NS/14 (sex survived.
NS) Limitations:  There was no control group, and details on effects


50


were lacking.
BML:  5,320 µg/L in blood


Rat/Wistar/64 1 or 2 hr 0, 30 Death was due to asphyxiation; pulmonary edema and fibrosis Livardjani et al.
M/duration were observed.  No animals exposed for 1 hour died by 15 days, 1991


and all animals exposed for 2 hours died within 5 days.
Limitations:  No control group; limited reporting of histology
BML Range: 391-4,558 µg/L in blood at 1-15 days
postexposure


3.1.3.2 Neurological


Case reports from accidental exposures to high concentrations of mercury vapors (Adams et al.
1983; Aronow et al. 1990; Barber 1978; Bluhm et al. 1992a; Fagala and Wigg 1992; Foulds et al. 1987;
Friberg et al. 1953; Hallee 1969; Jaffe et al. 1983; Karpathios et al. 1991; Lilis et al. 1985; McFarland
and Reigel 1978; Sexton et al. 1976; Snodgrass et al. 1981; Taueg et al. 1992) as well as studies of
populations chronically exposed to potentially high concentrations (Ehrenberg et al. 1991; Friberg et al.
1953; Roels et al. 1982; Sexton et al. 1978) have provided considerable information about the
neurotoxicity of elemental mercury vapor.  These studies have shown effects on a wide variety of
cognitive, sensory, personality and motor functions.


Occasionally, hearing loss, visual disturbances (visual field constriction), and/or hallucinations
have also occurred.  In general, symptoms have been observed to subside after removal from exposure. 
However, persistent effects (tremor, cognitive deficits) have been observed in occupationally exposed
subjects 10 to 20 years after cessation of exposure (Albers et al. 1988; Ellingsen et al. 1993; Kishi et al.
1993).
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Symptoms of Mercury Vapor-induced Neurotoxicity


The most prominent symptoms associated with mercury vapor-induced neurotoxicity include the following:


� tremors -- initially affecting the hands and sometimes spreading to other parts of the body
� emotional lability -- often referred to as "erethism" and characterized by irritability, excessive 


shyness, confidence loss and nervousness
� insomnia
� neuromuscular changes -- weakness, muscle atrophy, muscle twitching
� headaches
� polyneuropathy -- paresthesias, stocking-glove sensory loss, hyperactive tendon reflexes, slowed


sensory and motor nerve conduction velocities
� memory loss and performance deficits in tests of cognitive function


Studies of workers exposed to elemental mercury vapor have reported frank neurotoxicity at
exposure levels greater than 0.1 mg/m  (Smith et al. 1970) or at levels resulting in urinary mercury of3


greater than 300 µg in a 24-hour urine sample (Bidstrup et al. 1951).  Several studies, however, have
shown evidence of neurotoxicity at approximately 2- to 4-fold lower concentrations.  Self-reported
memory disturbances, sleep disorders, anger, fatigue, confusion and/or hand tremors were increased in
workers chronically exposed to an estimated 0.025 mg/m  (blood levels of approximately 10 µg/L)3


(Langworth et al. 1992a; Piikivi and Hanninen 1989).  Also, objective measures of cognitive and/or
motor function in exposed populations have shown significant differences from unexposed controls
(Ehrenberg et al. 1991; Fawer et al. 1983; Liang et al. 1993; Ngim et al. 1992; Piikivi and Tolonen 1989;
Piikivi et al. 1984; Roels et al. 1982, 1989).


Table 3-4
Neurotoxicity of Elemental Mercury in Humans:  Case Studies


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/1 M 8-9 mo 0.02-0.45 Fatigue, irritability in an electrochemical industry worker Friberg et al. 1953
(adult) (occup) Limitations:  small sample size; concomitant exposure to


chlorine; limited data reporting
BML:  680-900 µg/L in urine


Human/6 M <8 hr 44.3 Tremor; irritability; visual and hearing abnormalities McFarland and
(est.) Limitations:  small sample size; limited data reporting Reigel 1978


BML Range: 1,060-3,280 µg/24 hr urine


Human/5 M, 6 51-176 d 0.1-1.0 Nervousness, insomnia and inattentiveness were more Sexton et al. 1978
F (adults and common than in controls; altered EEGs and personality
children)/ changes also noted
12 controls Limitations:  small sample size
(sex NS) BML:  183-620 µg/L in blood at first measure


Human/2 M, 2 3 d NS Headache, slowed speech Snodgrass et al. 1981
F (adults) Limitation:  Small sample size; limited exposure data


BML:  82-5700 µg/24 hr urine
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Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3
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Human/1 M 2 d NS Delayed neurotoxicity:  paresthesias; muscle Adams et al. 1983
(adult) fasciculations; hyperactive deep tendon reflexes


Limitation:  small sample size; exposure data limited
BML:  98.75 µg/L in urine 3.5 months after exposure


Human/1 F (8- �1 d NS Seizures; weakness; short-term hearing deficit; cortical Jaffe et al. 1983
month old) atrophy


Limitations:  Exposure data limited
BML Range: 16-43 µg/24 hr urine


Human/1 M ~2 hr NS Dizziness, weakness Lilis et al. 1985
Limitation:  small sample size; limited exposure data
BML:  1,900 µg/L urine on first day


Human/1 F 2 mo NS Lethargy; irritability Foulds et al. 1987
(child) Limitations:  small sample size; limited reporting of


symptoms; limited exposure data
BML:  214 µg/L in 24 hr urine


Human/1 M 2 wk NS Tremor; sleep disturbance; anxiety; cold hands and feet Karpathios et al.
(child) Limitation:  small sample size; limited exposure data 1991


BML:  130 µg/24 hr urine


Human/17-26 <16 hr NS Fatigue, headaches, irritability, depression, anxiety, Bluhm et al. 1992a
M tremor, impaired performance on visual-motor tests


(p<0.05) reported in welders following accidental
exposure.
Limitation:  Chronic exposure to other metals; exposure
data limited
BML:  ~60 µg/L in blood at 20 d postexposure


Human/1 F 6 mo NS Peripheral neuropathy; erethism; dizziness; depression; Fagala and Wigg
(child) irritability 1992


Limitation:  small sample size; exposure data limited
BML:  686 µg/24 hr urine


Human/2 F Several months 0.01-0.04 Numbness in fingers and toes; absence of deep tendon  Taueg et al.
(children) several reflexes; visual field defects; weakness  1992


months after BML not reported
initial spill
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Table 3-5
Neurotoxicity of Elemental Mercury in Humans:  Epidemiological Studies


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/27 3 mo-39 yr 0-1.67 161 electric meter repair workers were examined, and 22 Bidstrup et al. 1951
cases (sex NS) (occup) (est.) were found to be symptomatic; there were 5 index cases. 


Tremor; irritability; visual impairment were observed
Limitation:  Concomitant exposure to other chemicals is
likely.
BML Range: 1,495-7,950 µg/24 hr urine


Human/3 M, 6 NS NS Neuropsychological tests showed irritability, tremor, memory Vroom and Greer
F exposed/10 (occup) loss, poor coordination, visual impairment; altered 1972
M, 30 F electrophysiology (p<0.05) in thermometer manufacturing
controls employees


Limitation:  Exposure data limited
BML Range:  4-1,101 µg/24 hr urine


Human/43 >6 months NS Objectively assessed tremor and eye-hand coordination Roels et al. 1982
exposed/47 Mean:  5.3 yr tended to be higher in the exposed group, with a significant
controls (sex (occup) (p<0.05) difference on one test.  There was a tendency toward
NS) a dose-response, but it was not statistically significant.


Exposed group worked in amalgam or chloralkali plants;
control workers were matched from the same plants, but
unexposed.
Limitation:  Exposure data limited
BML:  29.2 µg/L in blood (range:  5.3-135); 95.5 µg/g
creatinine in urine (range 9.9-286)


Human/23 M NS (occup) NS Decreased nerve conduction velocity (p<0.05); visual Shapiro et al. 1982
exposed/22 M impairment (p<0.01); higher distress levels
control Of a sample of 298 dentists, the exposed group had "tissue"


mercury levels in the top 20%; the controls were age-
matched, with no detectable tissue mercury.  Tissue mercury
in the head and wrist was measured using x-ray fluorescence.
Limitation:  Exposure data limited
BML:  >20 µg/g in tissue 


Human/12 3 mo-8 yr NS In a battery of objective tests, the following findings were Williamson et al.
exposed/12 (occup) significant: tremor (p<0.025); decreased verbal intelligence; 1982
controls (sex short- and long-term memory impairment (p<0.01); fatigue
NS) (p<0.01).


The exposed group worked with amalgam (n=4) or were
exposed to mercuric chloride, methoxyethyl mercuric
chloride, methoxyethylmercuric acetate (n=8).  Controls were
matched by age, sex, education, ethnic background.
Limitation:  Exposure data limited; small sample size
BML Range:  <10-670 µg/L urine


Human/26 Avg:  15.3 yr 0.026 Objectively assessed tremor was significantly (p = 0.001) Fawer et al. 1983
exposed M/25 (occup) (TWA) elevated in the exposed group and correlated with exposure
control M personal duration.  Exposed group worked in fluorescent tube factories


monitoring (n=7), chloralkali plants (n=12), or in acetaldehyde
production.  The control subjects worked at the same
factories but had not been exposed to mercury. 
Mean BML:  8,280 µg/L in blood; 20 µg/g creatinine in urine


Human/36 M Avg:  16.9 yr 0.022– By comparison to age-matched controls, chloralkali workers Piikivi et al. 1984
exposed/36 (10-37 yr) 0.028 (est.) had memory impairment, decreased verbal intelligence
controls (occup) (p<0.01).


a


BML:  >15µg/L in blood; >56 µg/L in urine
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No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3
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Human/60 M Avg: 13.7 yr 0.025 (est.) In a psychological and psychomotor test battery, there were Piikivi and
exposed/60 M (5-28 yr) statistically significant differences in subjective tests Hanninen 1989
controls (occup) (memory disturbance, mood; p<0.01) and an objective test


(hand-eye coordination, p<0.001).  Subjects were chlorine-
alkali workers and controls were age-matched.
BML:  10.4 µg/L avg. in blood; 17.9 µg/g creatinine avg. in
urine


Human/41 M 5–27 yr 0.025 (est.) Attenuation of power density spectrum of EEG in chloralkali Piikivi and Tolonen
exposed/41 M (occup) workers (p<0.01); controls were age-matched;slight increase 1989
controls in subjective symptoms of autonomic (cardiovascular)


dysfunction and a slight decrease in pulse rate variations
(cardiovascular reflex response).
BML:  67.8 µg/L in blood; 20.6 µg/g creatinine in urine


Human/54 M Avg: 7.7 yr NS Chloralkali and amalgam workers had impaired eye-hand Roels et al. 1989
exposed/48 (1-20 y coordination (p<0.001) and hand steadiness (p<0.02) in
controls (occup) objective tests, by comparison to unexposed matched controls


from the same plants.
Limitation:  Exposure data limited
Geometric mean BML:  24 µg/L blood; 63 µg/g creatinine


Human/10 M, Avg: 5 yr 0.076 (avg) Neurological exam found difficulty with heel-to-toe gait Ehrenberg et al.
62 F exposed/9 (occup) 0.003-0.27 (p<0.05) in thermometer manufacturers; control population 1991
M, 60 F control (range) worked at a nearby electronics manufacturer.


Avg. BML:  73.2 µg/g creatinine in urine


Human/89 >1 yr 0.025 Increased tiredness, memory disturbance, based on interviews Langworth et al.
exposed/75 (occup) (p<0.001), but no effect on psychometric tests or tremor in 1992a
controls chloralkali workers.


BML:  11 µg/L in blood; 25.4 µg/g creatinine in urine


Human/60 M, 10 hr/d 0.014 Impaired performance on neurobehavioral tests in dentists Ngim et al. 1992
38 F 6 d/wk (TWA) (p<0.05); severity of effect correlated with exposure.
exposed/27 M, 0.7-24 yr Limitations:  Concomitant exposure to physical and vibration
27 F controls (occup) load (affecting dexterity tests); confounding exposure to folk


medicine, BML:  Mean 9.8 µg/L in blood; range: 0.63-57.3
µg/L in blood


Human/77 M >1 yr 0.059 In a study of ex-chloralkali workers (avg. 12.3 yr since last Ellingson et al. 1993
exposed/53 M Avg: 7.9 yr exposure) compared with age-matched controls, sensory
controls (occup) nerve conduction velocity and visual evoked response


correlated with mercury exposure (p<0.05)
BML:  3,190 µg/g creatinine in urine current, 106 µg/L in
urine during exposure


Human/117 M 389 min/d 1.5-3.3 Ex-mercury miners tested 18 years after the closure of the Kishi et al. 1993
exposed/76 duration NS mine had lower scores on objective neuropsychological tests
controls (occup) (motor coordination, reaction time, short-term memory) than


age- and education-matched controls (p<0.01).  76 of the
miners had a history of mercury poisoning, but subjective
symptoms had generally decreased since exposure
BML not reported







Table 3-5 (continued)
Neurotoxicity of Elemental Mercury in Humans:  Epidemiological Studies


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


3-15


Human/19 M, �2 yr 0.033 (avg) Increased fatigue and confusion; impaired performance on Liang et al. 1993
69 F Avg. 10.4 yr 0.008-0.085 neurobehavioral tests in fluorescent lamp factory workers
exposed/97 (occup) (range) (p<0.01)
controls Avg. BML:  25 µg/L in urine


 Estimate by extrapolating from urinary mercury levels (Roels et al. 1987).a


In animals, as in humans, adverse neurological effects are observed after exposure to elemental
mercury vapor.  Effects observed in rabbits and mice after subchronic exposures included tremors, ataxia,
paralysis, failure to respond to light and decreased conditioned avoidance responding (Fukuda 1971;
Ganser and Kirschner 1985; Kishi et al. 1978).  Pathologic changes (unspecified) were observed in the
brains of rabbits at 0.86 mg Hg/m  (Ashe et al. 1953).3


Table 3-6
Neurotoxicity of Elemental Mercury in Animals:  Inhalation Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/m ) Effects/Limitations/BML Reference3


Rat/Albino/7 M 12-42 wk 0, 3 Tremor; decline in conditioned avoidance and conditioned Kishi et al. 1978
exposed/6 M 5 d/wk escape responses.  First significant effect at 20 weeks
control 3 hr/d (p<0.05)


Limitation:  Only one level tested
BML Range:  11.18-17.83 µg/g in cerebrum (wet weight)


Mouse/ 3.5 wk NS Ataxia; motor dysfunction Ganser and
C57BL6J/ 5 d/wk (saturated) Limitations:  Poorly defined exposure conditions; limited Kirschner 1985
No. and sex NS 20–40 min/d data reporting on effects


BML not reported


Rabbit/774 1-12 wk 0.86 Mild to moderate pathological changes in brains Ashe et al. 1953
strain NS/ 5 d/wk Limitations:  One exposure level; limited data reporting
31 (sex NS) 7 hr/d BML:  Brain level 1.2 µg/g


Rabbit/strain 13 wk 0, 4 Tremor  Fukuda 1971
NS/6 M 4 d/wk Limitation:  No control


6 hr/d BML:  0.8–3.9 µg/g wet weight (brain)
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3.1.3.3 Renal


The kidney is a sensitive target organ following inhalation exposure to elemental mercury.  Acute
accidental exposure in private homes or as a result of industrial accidents resulted in symptoms ranging
from slight changes in urinary acid excretion to transient renal failure with proteinuria, nephrosis and
necrosis of the proximal convoluted tubules (Bluhm et al. 1992b; Jaffe et al. 1983; Rowens et al. 1991;
Tubbs et al. 1982).  Proteinuria, proximal tubule damage and glomerulosclerotic changes were also
reported in a workers occupationally exposed for up to 2.5 years; in two cases the exposure levels were
measured at 0.02 to 0.45 mg/m  (Friberg et al. 1953; Kazantzis et al. 1962).  Comparisons of exposed3


workers to unexposed controls found increased urinary N-acetyl-�-D-glucosaminidase in workers
exposed to 0.025 mg/m  and increased incidence of proteinuria (Roels et al. 1982).3


Table 3-7
Renal Toxicity of Elemental Mercury in Humans:  Case Studies


Species/
No. per Exposure Dose


Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/2 M 8-9 mo 0.02-0.45 Proteinuria and nephrosis in electrochemical industry workers Friberg et al. 1953
(adult) (occup) Limitations:  small sample size; concomitant exposure to


chlorine
BML:  160-900 µg/L in urine


Human/3 M 4 mo-2.5 yr NS Heavy albuminuria; transient renal failure; proximal tubule Kazantzis et al. 1962
(occup) damage; glomeruloscierotic changes


Limitations:  small sample size; concomitant exposure to other
mercurials and other compounds; limited exposure data
BML Range:  1,100-1,440 µg/L in urine


Human/2 M/ NS (occup) NS Proteinuria; glomerulonephritis in chemical plant workers Tubbs et al. 1982
41 M controls Limitation:  small sample size; concomitant exposure to other


metals; limited exposure data
BML Range:  174-548 µg/24 hr urine


Human/1 F �1 day NS Acute renal failure (proteinuria, glucosuria, granular casts)  Jaffe et al. 1983
(8-month old) BML Range:  16 µg/24 hr urine


Human/ Once NS Necrosis of proximal tubule; increased serum urea nitrogen and Rowens et al.
2M, 2F creatinine in 2 subjects 1991


Limitations:  small sample size; limited exposure data
BML Range:  94–220 µg/L Hg in urine


Human/11 M <16 hr NS Hyperchloremia, low normal bicarbonate in urine in welders Bluhm et al. 1992b
following accidental exposure
Limitations:  No information on pre-exposure range
BML:  ~60 µg/L in blood at 20 d postexposure







3-17


Table 3-8
Renal Toxicity of Elemental Mercury in Humans:  Epidemiological Studies


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/21 NS NS 0.01-0.05 Increased proteinuria in exposed pathology laboratory Stewart et al. 1977
(occup) workers compared to unexposed controls.  Proteinuria cleared


when mercury exposure was limited.
BML:  �35 µg/L in urine


Human/43 >6 months NS Proteinuria significantly elevated (p<0.05).  Exposed group Roels et al. 1982
exposed/47 Mean:  5.3 yr worked in amalgam or chloralkali plants; control workers
controls (sex (occup) were matched from the same plants but unexposed.
NS) Limitations:  Exposure data limited


BML:  29.2 µg/L in blood (range:  53-135); 95.5 µg/g
creatinine in urine (range 9.9-286)


Human/ 62 M 1-25 yr 0.046 (est.) Among exposed chloralkali plant or zinc-amalgam factory Lauwerys et al 1983
exposed, 60 M (avg 5.5 yr) workers, renal function parameters were not different from
controls (occup) unexposed controls.  Circulating anti-laminin antibodies


found in eight exposed, 0 controls.  No dose-effect
relationship between blood or urine levels and occurrence of
anti-laminin antibodies.  Exposure level estimated using
Roels et al (1987) conversion factor.
BML:  16 µg/L (range 2.5-75.6) in blood; 56 µg/g creatinine
(range 3-272) in urine


Human/100 M 8 yr (avg) NS Small increase in prevalence of higher activities of NAG and Stonard et al. 1983
(occup) gamma-glutamyl transferase in chloralkali workers w/urinary


mercury excretion >100 µg/g creatinine.  No renal function
changes in workers w/mean urine 67 µg/g creatinine
Limitation:  Exposure data limited
BML:  67->100 µg/g creatinine in urine


Human/58 M 7.9 yr (avg.) 0.059 (est) Follow-up to Lauwerys et al. (1983).  In contrast to the earlier Bernard et al. 1987
exposed study, there was no evidence of anti-laminin antibodies in


exposed workers
BML:  72 µg/g creatinine in urine


Human/41 M 1-20 yr 0, 0.025 Increased urinary N-acetyl-�-D-glucosaminidase in a group of Barregard et al.
exposed, 41 M (occup) chloralkali workers.  Controls were age-matched. 1988
controls BML:  15.6 µg/L in blood


Human/ 60 M 13.7  5.5 yr NS No evidence of glomerular or tubular damage (effect on Pilkivi and
exposed, 60 M (occup) urinary albumin or N-acetyl-�-glucosaminidase activity) in Ruokonen 1989
controls chloralkali workers compared to controls.  NOAEL of 25


+


mg/m  based on Roels et al. (1987) conversion factor.3


Limitation:  Exposure data limited
BML:  14 µg/L in blood; 17 µg/L in urine


Only one study was found of kidney effects in animals from exposure to elemental mercury
vapor (Ashe et al. 1953).  The observed effects supported the human data, with kidney effects ranging
from moderate unspecified pathological changes at shorter durations to necrosis and cellular
degeneration at longer durations.  Limited quantitative data were reported.
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Table 3-9
Renal Toxicity of Elemental Mercury in Animals:  Inhalation Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/m ) Effects/Limitations/BML Reference3


Rabbit/strain 1-30 hr 28.8 Kidney pathology correlated with exposure duration, Ashe et al. 1953
NS/14 (sex ranging from moderate changes at 1 hour to widespread
NS) necrosis at 30 hours.


Limitations:  No control group, limited data reporting
BML Range:  20-5,320 µg/L in blood


3.1.3.4 Respiratory


Respiratory toxicity in humans following exposure to elemental mercury vapors has been
characterized by pulmonary edema and congestion, coughing, interstitial pneumonitis, respiratory failure
and absence of air in lungs at time of histopathological examination (Bluhm et al. 1992a; Hallee 1969;
McFarland and Reigel 1978; Milne et al. 1970; Snodgrass et al. 1981; Taueg et al. 1992).  One case of
occupational exposure to elemental mercury vapor occurred due to a faulty thermostat that heated to
450�F and vaporized the mercury it contained.  Signs included cough, chest pains, reduced vital capacity
and pneumonitis, which began within hours of the onset of exposure (McFarland and Reigel 1978). 
Accidental exposure to elemental mercury vapors in private homes has led to interstitial pneumonia,
dyspnea, lung disease and respiratory failure (Hallee 1969; Snodgrass et al. 1981; Taueg et al. 1992).  In
each case, signs of toxicity persisted for days to months following acute exposure.  No studies were
identified regarding respiratory effects in humans following intermediate or chronic exposures to
elemental mercury vapor.


Table 3-10
Respiratory Toxicity of Elemental Mercury in Humans:  Case Studies


Species/
No. per Exposure Dose


Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/1 M, <12 hr NS Dyspnea; interstitial pneumonia; fibrosis; moderate restrictive Hallee 1969
1 F (adults) lung disease


Limitation:  Case study
BML Range:  191-557 µg/24 hr urine


Human/4 M 2.5-5 hr 1.1-1.7 Cough; chest tightness occurred following an accidental Milne et al. 1970
(occup) (est.) exposure of electrochemical industry workers


Limitation:  Case study
BML Range: 100-130 µg/L in urine 10-14 days postexposure







Table 3-10 (continued)
Respiratory Toxicity of Elemental Mercury in Humans:  Case Studies


Species/
No. per Exposure Dose


Sex Duration (mg/m ) Effects/Limitations/BML Reference3


3-193-19


Human/6 M <8 hr 44.3 Pneumonitis; cough; chest pain McFarland and
(est.) Limitations:  Case study; limited data reporting Reigel 1978


BML Range: 1,060-3,280 µg/24 hr urine


Human/2 M, 3 d NS Cough; dyspnea Snodgrass et al.
2 F (adults) Limitation:  Case study 1981


BML:  82-5700 µg/24 hr urine


Human/1 M ~2 hr NS Reduced vital capacity and dynamic lung volumes, shortness of Lilis et al. 1985
breath
Limitation:  Case study
BML:  1,900 µg/L urine on first day


Human/17 M <16 hr NS Congestion; dyspnea; lung infiltrates in up to 15/17 welders Bluhm et al. 1992a
interviewed following accidental exposure
Limitation:  Limited data reporting of effects or exposure
BML:  ~60 µg/L in blood 20 d postexposure


Human/2 M, ~24 hr NS Adult respiratory distress syndrome; respiratory failure Taueg et al. 1992
2 F (adults) BML Range:  4.6-219 µg/L in urine


Rats exposed to 27 mg Hg/m  as elemental mercury vapor for one hour exhibited dyspnea, and3


exposure for two hours resulted in death by asphyxiation (Livardjani et al. 1991).  Histopathological
analyses revealed necrosis of the alveolar membrane, presence of hyaline membranes and evidence of
pulmonary edema.  Acute-duration studies with rabbits revealed degeneration and necrosis of the lungs
(Ashe et al. 1953).  Gage (1961) reported congestion and necrosis of the lungs following intermediate-
duration exposure to elemental mercury vapor at a concentration of 1 mg Hg/m .3
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Table 3-11
Respiratory Toxicity of Elemental Mercury in Animals:  Inhalation Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/m ) Effects/Limitations/BML Reference3


Rat/Wistar/ 7 wk 1 Congestion; necrosis of lung Gage 1961
6 F 100 hr/wk Limitation:  Limited data reporting


5 d/wk BML:  10 µg/rat in lungs


Rat/Wistar/64 1 or 2 hr 0, 27 Death by asphyxiation; lung edema; hyaline membranes; Livardjani et al.
M/ duration necrosis of alveolar epithelium 1991


BML Range:  391-4,558 µg/L in blood


Rabbit/strain 1-30 hr 28.8 Pathology correlated with exposure duration and ranged Ashe et al. 1953
NS/14 (sex NS) from mild changes at 1 hour to marked cellular degeneration


and  necrosis at 30 hours.  In another study, Ashe reported
no respiratory damage in rats exposed to 0.1 mg/m3 for 72
weeks.
BML Range:  20-5,320 µg/L in blood


3.1.3.5 Cardiovascular


Signs of cardiovascular toxicity in humans after acute exposure to elemental mercury include
tachycardia, elevated blood pressure and heart palpitations (Bluhm et al. 1992a; Snodgrass et al. 1981;
Soni et al. 1992).  Intermediate-duration exposure to elemental mercury vapors produced similar effects
(i.e., tachycardia and elevated blood pressure) (Fagala and Wigg 1992; Foulds et al. 1987).  Barregard et
al. (1990) performed a study on chloralkali workers and showed that they had an increased risk of
ischemic heart disease and cerebrovascular disease.  These workers, however, were exposed to other
chemicals and to magnetic fields which may have affected the results.  Piikivi (1989) demonstrated a
positive correlation between heart palpitations and urinary mercury concentrations in workers from a
chloralkali plant.  It is unclear from the available scientific literature, however, whether the effects on
cardiovascular function (e.g., tachycardia, elevated blood pressure) are due to direct cardiac toxicity or to
indirect toxicity (e.g., due to effects on neural control of cardiac function) of elemental mercury.
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Table 3-12
Cardiovascular Toxicity of Elemental Mercury in Humans:  Case Studies


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/2 M, 2 3 d NS Elevated blood pressure; tachycardia Snodgrass et al.
F (adults) Limitations:  Case study; limited exposure data 1981


BML Range:  82-5,700 µg/24 hr urine


Human/1 F 2 mo NS Elevated blood pressure; tachycardia Foulds et al. 1987
(child) Limitations:  Case study; limited exposure data


BML Range:  214-296 µg/L in 24 hr urine


Human/17 M <16 hr NS Palpitations in 5/17 welders interviewed following accidental Bluhm et al. 1992a
exposure
Limitation:  Exposure data limited
BML:  ~60 µg/L in blood 20 d postexposure


Human/1 F 6 mo NS Elevated blood pressure; tachycardia Fagala and Wigg
(child) Limitations:  Case study; limited exposure data 1992


BML:  686 µg/24 hr urine


Human/1 M (3- <6 hr NS Tachycardia Soni et al. 1992
yr old) Limitations:  Case study; limited exposure data


BML not reported


Table 3-13
Cardiovascular Toxicity of Elemental Mercury in Humans:  Epidemiological Studies


Species/
No. per Exposure Dose


Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/41 M 16 yr (avg) 0.03 Palpitations in chloralkali workers (p<0.05); no significant effect Piikivi 1989
exposed/41 5-27 yr (est.) on cardiovascular reflex responses compared to matched controls.
M controls (occup) BML Range:  3.5-52.5 µg/L in urine; avg 19.3 µg/L in urine


Human/ 10 yr (avg) Avg Increased mortality due to ischemic heart and cerebrovascular Barregard et al.
26 M (occup) samples: disease in chloralkali workers, compared to matched controls. 1990


0.025- Limitation:  Possible confounding due to shift work
0.050 BML:  Decrease from 200 µg/L in urine in 1950's to <50 µg/L in


1990


Few animal studies were located regarding cardiovascular effects after exposure to elemental
mercury vapor.  Studies in rabbits report unspecified cellular degeneration and necrosis of the
cardiovascular system following both acute and intermediate exposure (Ashe et al. 1953).  Ashe et al.
(1953), however, concluded that the concentration of mercury is a better indicator of cardiovascular
toxicity than the duration of exposure, especially at lower exposure levels.
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Table 3-14
Cardiovascular Toxicity of Elemental Mercury in Animals:  Inhalation Exposure


Species/
Strain/
No. per
Sex per Exposure Dose
Group Duration (mg/m ) Effects/Limitations/BML Reference3


Rabbit/strain 1-30 hr 28.8 Pathology correlated with exposure duration and ranged from Ashe et al. 1953
NS/14 (sex mild changes in the heart at 1 hour to marked cellular
NS) degeneration and necrosis at �12 hours.


Limitations:  No controls; limited data reporting;
only one dose level tested
BML Range:  20-5,320 µg/L in blood


Rabbit/strain 1-11 wk 6 Mild to moderate pathological changes of the heart.  Pathological Ashe et al. 1953
NS/16 (sex 5 d/wk changes observed in subchronic studies were correlated with the
NS) 7 hr/d exposure concentration but not exposure duration.


Limitations:  No controls; limited data reporting;
only one dose level tested
BML Range:  70-3,000 µg/L in blood


Rabbit/strain 12 wk 0.86 Most animals had mild heart pathology, but 2 animals each at 6 Ashe et al. 1953
NS/31 (sex 5 d/wk and 7 weeks had marked cellular degeneration and necrosis, with
NS) 7 hr/d focal fibrosis.


Limitations:  Limited data reporting; only one dose level
BML Range:  50-620 µg/L blood


3.1.3.6 Gastrointestinal


Gastrointestinal effects have been reported by persons exposed to elemental mercury vapor.  The
most common sign of mercury poisoning is stomatitis (inflammation of the oral mucosa), which is
usually reported following acute, high concentration exposure to elemental mercury vapors (Bluhm et al.
1992a; Snodgrass et al. 1981).  Sexton et al. (1978), however, reported signs of bleeding gingiva in 12
people exposed to mercury vapors for two months after metallic mercury was spilled in two homes, and
Schwartz et al. (1992) reported bleeding gums in a child exposed to mercury vapors for two to four
weeks.  In addition, Vroom and Greer (1972) documented mercury intoxication in nine workers at a
thermometer manufacturing plant; the workers complained of sore gums and lesions on the oral mucosa
after long-term exposure.  Other commonly reported gastrointestinal effects include nausea, vomiting,
diarrhea and abdominal cramps (Bluhm et al. 1992a; Campbell 1948; Lilis et al. 1985; Sexton et al. 1978;
Snodgrass et al. 1981; Vroom and Greer 1972).
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Table 3-15
Gastrointestinal Toxicity of Elemental Mercury in Humans:  Case Studies


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/1 F 5 hr NS Difficulty swallowing; abdominal pain; necrosis of stomach Campbell 1948
(4-month old) mucosa and duodenum


Limitations:  Case study; exposure data limited
BML not reported


Human/3 M, NS NS Sore gums; diarrhea in thermometer manufacturing employees Vroom and Greer
6 F (occup) Limitation:  Exposure data limited 1972


BML Range:  4-1,101 µg/24 hr urine


Human/5 M, 51-176 d 0.1-1.0 Nausea, vomiting, abdominal pain, anorexia, diarrhea, bleeding Sexton et al. 1978
6 F (adults and gingiva more common than in controls
children)/12 Limitations:  Small sample size; no statistical analysis
controls (sex BML avg:  3.7 µg/L in urine;
NS) BML Range:  183-620 µg/L in blood


Human/2 M, 3 days NS Nausea; vomiting; swelling of gums Snodgrass et al.
2 F (adults) Limitation:  Case study 1981


BML Range:  13-5,700 µg/24 hr urine


Human/1 M  �2 hr NS Nausea; vomiting Lilis et al. 1985
Limitations:  Case study; limited reporting of symptoms;
exposure data limited
BML Range:  900-1,900 µg/L in urine (over 3 days)


Human/17 M <16 hr NS Diarrhea; cramps in up to 11/17 welders accidentally exposed Bluhm et al. 1992a
Limitations:  Case study; exposure data limited
BML not reported


Very little information is available concerning gastrointestinal toxicity after exposure to
elemental mercury vapors.  Ashe et al. (1953) exposed rabbits to mercury vapors for 1–30 hours at a
concentration of 28.8 mg Hg/m  and found unspecified cellular degeneration and necrosis.  When rabbits3


were exposed to 6 mg Hg/m  for 1–11 weeks, changes in the colon were seen during histopathological3


analysis (Ashe et al. 1953).
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Table 3-16
Gastrointestinal Toxicity of Elemental Mercury in Animals:  Inhalation Exposure


Species/
Strain/
No. per
Sex per Exposure Dose
Group Duration (mg/m ) Effects/Limitations/BML Reference3


Rabbit/strain 1-30 hr 28.8 Earliest effect on colon (mild pathological changes) occurred at 2 Ashe et al. 1953
NS/14 (sex hr; marked cellular degeneration and necrosis observed at 30 hr
NS) Limitations:  No controls; limited data reporting


BML Range:  20-5,320 µg/L in blood


Rabbit/strain 1-11 wk 6.0 No effects or mild histopathological changes in colon Ashe et al. 1953
NS/16 (sex 5 d/wk Limitations:  No controls; limited data reporting
NS) 7 hr/d BML Range:  70-3,600 µg/L blood


3.1.3.7 Hepatic


Biochemical changes in hepatic enzymes were noted in a child who was exposed for
approximately one day to an unspecified concentration of elemental mercury vapors (Jaffe et al. 1983). 
Serum glutamic-pyruvic transaminase (SGPT) and bilirubin levels were elevated, and synthesis of
hepatic coagulation factors was reduced.  No human studies were identified regarding the hepatic toxicity
of mercury following intermediate or chronic exposures to elemental mercury vapors.


Table 3-17
Hepatic Toxicity of Elemental Mercury in Humans:  Case Study


Species/
No. per Exposure Dose


Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/1 F �1 d NS Elevated serum alanine amino-transferase and bilirubin Jaffe et al. 1983
(8-month old) Limitations:  Case study; exposure data limited


BML:  16 µg/24 hr urine


Ashe et al. (1953) performed histopathological analyses on rabbits after exposing them for one to
30 hours or for one to 11 weeks to elemental mercury vapors.  The analyses revealed necrosis and
cellular degeneration of the liver.  No other animal studies were identified regarding the hepatic toxicity
of mercury vapors following inhalation exposure.
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Table 3-18
Hepatic Toxicity of Elemental Mercury in Animals:  Inhalation Exposure


Species/
Strain/
No. per
Sex per Exposure Dose
Group Duration (mg/m ) Effects/Limitations/BML Reference3


Rabbit/strain 1-30 hr 28.8 Pathology correlated with exposure duration.  Moderate changes Ashe et al. 1953
NS/14 (sex first occurred at 2 hr and widespread necrosis at 30 hr
NS) Limitations:  No controls; limited data reporting


BML Range:  20-5,320 µg/L in blood


Rabbit/strain 1-11 wk 6.0 Pathology was somewhat correlated with exposure duration and Ashe et al. 1953
NS/16 (sex 5 d/wk ranged from mild to marked cellular degeneration with necrosis.
NS) 7 hr/d Limitations:  No controls; limited data reporting


BML Range:  70-3,600 µg/L blood


3.1.3.8 Hematological


After acute-duration exposure to high concentrations of elemental mercury vapor, onset of "metal
fume fever" may occur; this syndrome is characterized by leukocytosis with fever, chills and fatigue
(Campbell 1948; Haddad and Stenberg 1963; Jaffe et al. 1983).  Intermediate-duration exposure to
mercury vapors led to an elevated white blood cell count in a 12-year-old female after  exposure for six
months (Fagala and Wigg 1992).  Volunteers with dental amalgams had significantly decreased
hemoglobin and hematocrit compared to controls without dental amalgams (Siblerud 1990).


Table 3-19
Hematological Toxicity of Elemental Mercury in Humans:  Case Studies


Species/
No. per Exposure Dose


Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/1 F 6 mo NS Elevated white cell count Fagala and Wigg
(child) Limitations:  Case study; exposure data limited; skin lesions 1992


could have led to elevated count
BML:  686 µg/24 hr urine


Human/1 M 2-4 wk NS Thrombocytopenia Schwartz et al. 1992
(3.5 yr old) Limitation:  Exposure data limited


BML:  151 µg/L in blood
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Table 3-20
Hematological Toxicity of Elemental Mercury in Humans:  Epidemiological Studies


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/47 (sex NS <0.1 Decreased �-aminolevulinic acid dehydratase and Wada et al. 1969
NS) (occup) cholinesterase activity in erythrocytes, effects were


significantly (p<0.01) correlated to urinary mercury
BML Range:  2-472 µg/g of creatinine in urine.


Human/41 M NS Range: Increased �2-macroglobulin and ceruloplasmin in mercury Bencko et al. 1990
exposed/55 (occup) 0.106- plant workers compared to unexposed controls (p<0.001)
controls 0.783 BML Range:  29-545 µg/L in urine 


Human/20 M, NS NS Subjects with amalgams had decreased (p<0.02) mean Siblerud 1990
30 F hemoglobin (14.66±1.09 g/dL in subjects vs. 14.88±1.14 g/dL
exposed/21 M, in controls) and mean hematocrit (43.15±3.66% in subjects vs.
30 F control 43.91±3.61% in controls).  These reductions were significantly


(p<0.01) correlated with increasing urine mercury in the
subjects with amalgam.
Limitations:  Subjects identified through newspaper ads may
have introduced self-selection bias; only mean data reported.
BML avg:  3.7 µg/L in urine


No animal studies were identified regarding the hematological toxicity of mercury vapors
following inhalation exposure.


3.1.3.9 Immunological


The available evidence suggests that the immune reaction to elemental mercury exposure is
idiosyncratic, with either increases or decreases in immune activity depending on genetic predisposition. 
Although there is evidence for an overall suppression of the humoral immune response among exposed
workers (Moszczynski et al. 1990), this effect has not been consistently observed (Bencko et al. 1990;
Langworth et al. 1992b).  The failure to observe consistent decreases in antibody content of the serum
may be due to small numbers of workers in each group who develop an autoimmune reaction upon
exposure to mercury.  For example, small numbers of workers exposed to elemental mercury vapors have
had elevated levels of antiglomerular basement membrane and anti-DNA antibodies (Cardenas et al.
1993; Langworth et al. 1992b) or granular deposition of IgG and complement C3 in the renal glomeruli
(Tubbs et al. 1982).
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Table 3-21
Immunotoxicity of Elemental Mercury in Humans:  Case Study


Species/
No. per Exposure Dose


Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/2 M (occup) <0.1 BML Range:  174-548 µg/24 hr urine Tubbs et al. 1982
NS Limitation:  Case study


Deposition of IgG and C3 in glomeruli of chemical plant workers


Table 3-22
Immunotoxicity of Elemental Mercury in Humans:  Epidemiological Studies


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/41 M NS Range: Decreased IgG; increased IgA and IgM in mercury plant Bencko et al. 1990
exposed/55 (occup) 0.106- workers (p<0.05)
controls 0.783 BML Range:  29-545 µg/L in urine


Human/50 1.5-25 yr NS Abnormally high anti-DNA antibody titre (p<0.01) Cardenas et al. 1993
exposed/50 Avg:  11 yr Mean BML:  31.9 µg/L in urine
controls (occup)


An autoimmune response to mercury has been produced in a susceptible strain of rats (Brown
Norway) exposed to mercury vapor (Hua et al. 1993).  In these rats, increased levels of serum IgE and
antilaminin autoantibodies, deposition of IgG deposits in the renal glomeruli and proteinuria were
observed.


Table 3-23
Immunotoxicity of Elemental Mercury in Animals:  Inhalation Exposure


Species/
Strain/
No. per
Sex per Exposure Dose
Group Duration (mg/m ) Effects/Limitations/BML Reference3


Rat/BN/3-4 5 wk 0, 1 Increased serum IgE; anti-laminin autoantibody titre, IgG Hua et al. 1993
M, 3-4 F 6 or 24 hr/d deposits along glomerular capillary walls (p<0.001)


Mean BML:  90.3 µg/L in blood
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3.1.3.10 Dermal


Exposure to elemental mercury vapors for acute or intermediate durations may elicit a response
known as acrodynia or "pink disease", which is characterized by peeling palms of hands and soles of feet,
excessive perspiration, itching, rash, joint pain and weakness, elevated blood pressure and tachycardia
(Fagala and Wigg 1992; Karpathios et al 1991; Schwartz et al 1992).  Children seem to be the most
susceptible to acrodynia, although adults may be affected to a lesser degree (Warkany and Hubbard
1953).  One man experienced a rash and stomatitis after inhalation exposure to mercury when repairing a
cell in a chloralkali plant (Bluhm et al. 1992a); however, dermal exposure may have also occurred.


Table 3-24
Dermal Toxicity of Elemental Mercury in Humans:  Case Studies


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/1 M 2 wk NS Red palms and soles; perspiration; rash Karpathios et al.
(child) Limitations:  Case study; concomitant dermal exposure 1991


possible; exposure data limited
BML:  130 µg/24 hr urine


Human/17 M <16 hr NS Conjunctivitis; dermatitis in 8/17 welders exposed in an Bluhm et al. 1992a
accident
Limitation:  Exposure data limited
BML not reported


Human/1 F 6 mo NS Peeling skin on palms and soles Fagala and Wigg
(child) Limitations:  Case study; exposure data limited 1992


BML:  686 µg/24 hr urine


Human/1 M 2-4 wk NS Maculopapular whole body rash Schwartz et al. 1992
(3-yr old) Limitations:  Case study; exposure data limited


BML:  151 µg/L in blood


No animal studies were identified regarding the dermal toxicity of mercury vapors following
inhalation exposure.


3.1.3.11 Developmental


Although few reports have addressed the effects of maternal exposure to elemental mercury
vapor on the developing fetus, the available information suggests that maternal exposure to sufficiently
high concentrations of elemental mercury vapor may adversely affect the developing fetus.  A study of
the pregnancies of Polish dental professionals showed a high frequency of malformations of a
nonspecified nature (Sikorski et al. 1987).  In contrast, a study of Swedish dental professionals found no
increases in malformations, abortions, or stillbirths (Ericson and Kallen 1989).  An increase in low birth
weight infants was noted in the offspring of female dental nurses (Ericson and Kallen 1989); however, in
this same study similar effects were not observed for either dentists or dental technicians, and
socioeconomic factors may have contributed to the effects observed.  It is unknown to what extent
discrepancies in the results of the above studies are attributable to differences in mercury exposure levels
(only the study by Sikorski et al. (1987) attempted to assess exposure levels) or to other confounders.
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Table 3-25
Developmental Toxicity of Elemental Mercury in Humans:  Case Studies


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/1 F 8 mo NS Infant death at birth; fetal hepatomegaly; spontaneous Derobert et al. 1950
(occup) abortion in 2 successive pregnancies of a thermometer-


manufacturing worker.  Maternal toxicity included tremors,
motor incoordination, hyperreflexivity, stomatitis.
Limitations:  Case study; exposure data limited; maternal
toxicity also occurred.
BML not reported


Human/1 F 2 yr NS Delivery of viable infant at term to thermometer factory Melkonian and
(occup) worker with mild peripheral neuropathy attributed to mercury. Baker 1988


Maternal toxicity included slight decrease in sensory reflexes.
Limitations:  Case study; exposure data limited; no
neurological assessment of infant; slight maternal toxicity also
reported.
BML:  Mother: 875 µg/L in urine; Offspring: 2.5 µg/L in
urine


Human/1 F �17 wk 0.02-0.06 Delivery of normal child who met all developmental Thorp et al. 1992
milestones.  No maternal toxicity reported.
Limitation:  Case study; no psychodevelopmental testing
BML:  Mother:  230 µg/L in 24 hr urine at 17 wk, then
declined; Offspring:  3,000 µg/g in hair


The few animal studies that were identified indicate that inhalation of elemental mercury vapor
may be toxic to the developing animal.  In an abstract, Steffek et al. (1987) reported decreased fetal
weight in offspring of rats exposed to elemental mercury vapor during gestation.  Increased fetal and
postnatal deaths were also reported by Baranski and Szymczyk (1973) among rats exposed to elemental
mercury vapor for three weeks prior to mating and then again on gestation days 1–20, and increased
resorptions in rats exposed on gestation days 10–15 or 1–20.


Pregnant Sprague-Dawley rats (12/group) were exposed on gestation days 11–14 and 17–20 to
elemental mercury vapors (1.8 mg/m ) for one or three hours/day (Danielsson et al. 1993).  Litters were3


culled to 4 males and 4 females. Behavioral testing was done on one male and one female adult from
each litter; the authors state that for behavioral testing 8 were tested for each group.  There was no
difference between controls and treatment groups for maternal weight gain. There was no obvious
mercury toxicity in the dams. Offspring exposed in utero were no different from controls in the following
measures:  body weight; clinical signs; pinna unfolding; surface righting reflex development; tooth
eruption; and results of a negative geotaxis test at days 7, 8 or 9 post partum.  At 3 months of age,
exposed male but not female rats showed significant decrements in four measures of spontaneous motor
activity: locomotion, rearing, rearing time and total activity.  By 14 months, the high-dose animals
showed hyperactivity in the same test.  Females were not evaluated in other adult behavioral tests.  A test
for habituation to novel environment at 7 months of age showed significant differences between controls
and treated males on four measures.  At 4 months, mercury-treated males had significantly higher latency
in a maze learning test; at 15 months, there was no difference between controls and treated rats in a
circular swim maze test.
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Table 3-26
Developmental Toxicity of Elemental Mercury in Humans:  Epidemiological Studies


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/ 349 F NS NS Rates of pregnancy and labor complications were high among Mishinova et al.
exposed, 215 F (occup) women exposed to elemental mercury.  Insufficient detail 1980
controls provided to evaluate dose-response relationship.


Limitation:  Lack of exposure or effect data
BML not reported


Human/57 F 0.5-27 yr NS In a study of 57 dental professionals (117 pregnancies), Sikorski et al. 1987
(occup) reproductive failure (spontaneous abortion, stillbirth or


congenital malformation--not described further) was higher
than among unexposed controls, and the effect correlated
with exposure level (p=0.004).  No maternal toxicity
reported.
Limitations:  Small study group; control group not described;
exposure data limited
BML avg:  0.527 µg/g in scalp hair


Human/8157 F NS NS Study of infants born to dental workers, compared with the Ericson and Kallen
exposed (occup) general population.  Based on medical registry, no increase in 1989


malformations, abortions, or stillbirths.  Increased incidence
of low birth weight infants among offspring of dental
assistants (risk ratio 1.2, 95% C.I. 1.0-1.3), but the risk ratio
was decreased for dentists, suggesting a socioeconomic
effect.  Case-control study of infants with neural tube defects
found none born to dentists, but the expected number was
only 0.5.  No maternal toxicity reported.
Limitation:  Exposure data limited
BML not reported.


Early postnatal exposure (during a period of rapid brain growth) resulted in subtle behavioral
changes when the rats were tested as young adults (Fredriksson et al. 1992).  Eight litters/group, culled to
8 individuals, were exposed to 0.05 mg/m  for either 1 or 4 hr/day.  Exposure was on days 11–17 of age.3


There were no signs of overt toxicity or changes in body weight.  Spontaneous motor activity was
evaluated at 2 and 4 months.  The high-dose group showed increased rearing at the early test, but the
repeat test indicated hypoactivity. The low-dose group was no different from controls at two months; at
four months this group showed increased total activity and decreased rearing.  In the spatial learning test
administered at 6 months, low- dose rats had increased time to complete the task.  High-dose animals
were observed to have increases in time to complete the task and in numbers of errors.  No information
was given on the number of males and females tested or on any differences in behavior dependent on
gender.
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Table 3-27
Developmental Toxicity of Elemental Mercury in Animals:  Inhalation Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/m ) Effects/Limitations/BML Reference3


Rat/Strain Group I:  6 hr/d, 0, 2.5 Group I:  Decreased number of live pups (p<0.05); Baranski and
NS/23-24 F 6-8 weeks decreased relative kidney (p<0.01) and liver weights Szymczyk 1973


before (p<0.05) and increased ovaries (p<0.05) in 2-month-old
fertilization: pups.  Group II:  Mean number of live fetuses lower than


Group II:  3 wk Limitations:  Wide range in actual mercury concentration
before mating (0.5-4.8 mg/m ); only one level tested; maternal toxicity
and Gd 7-20 BML not reported


in controls


3


Rat/Sprague- 6 or 20d 0, 0.1, 0.5, Increased resorptions (LOAEL = 0.5 for Gd 10-15 and Steffek et al. 1987
Dawley/NS F 24 hr/d 1.0 1.0 for Gd 1-20); decreased maternal and fetal weights in


Gd 10-15 or group exposed to 1.0 on Gd 1-20.
Gd 1-20 Limitations:  Reported only as an abstract; limited study


details; maternal toxicity
BML not reported


Rat/Sprague 1 or 3 hr/day on 0, 1.8 mg/m Hypoactivity at 3 months; hyperactivity at 14 months; Danielsson et al.
Dawley/ 4M, 4F Gd 11-14 plus decrement in habituation to novel environment at 7 1993


17-20 months; retarded learning in radial arm maze at 4 months


3


but no difference from controls in circular swim maze at
15 months. BML ranges for control through high dose
group (mg Hg/kg in organs): 0.001-0.012 (brain); 0.004-
0.112 (liver); 0.002-0.068 (kidney).
Limitations:  Limited testing of female offspring; no
evaluation of differences between males and females;
small numbers of rats/group.


Rat/Sprague- 7 d 0, 0.05 Impaired spatial learning at 6 months (p�0.01); increased Fredriksson et al.
Dawley/8 F 1 or 4 hr/d locomotor activity in objective test (p�0.01) 1992


on post-partum BML Range: 0.017-0.063 µg/g in brain
days 11-17 Limitations:  No information on gender-specific


behavioral effects; small number of animals/group.


Squirrel 4-7 hr/day, 5 0.5 or 1.0 Instability in lever-press durations and steady-state Newland et al. 1996.
monkey/10M, 1F d/week, during (1304 to performance under concurrent schedules; aberrant


gestation 4305 �g transitions in treated animals.  Five male monkeys born at
total) same time served as controls; there were 5 treated M and


one treated F.  Maternal BML ranges 0.025 to 0.18 �g/g.


3.1.3.12 Reproductive


Most studies that have examined the effects of occupational exposure to elemental mercury
vapor on reproductive function have failed to find evidence of adverse effects (Alcser et al. 1989;
Brodsky et al. 1985; Erfurth et al. 1990; Ericson and Kallen 1988; Heidam 1984; Lauwerys et al. 1985;
McGregor and Mason 1991).  A few studies have shown at least suggestive evidence that elemental
mercury exposure may adversely affect reproductive function.  In females exposed occupationally to
metallic mercury vapor, a correlation was observed between scalp hair mercury and reproductive failure
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or menstrual abnormalities (Sikorski et al. 1987).  An increased incidence of pregnancy complications
such as toxicosis or  prolonged or hemorrhagic parturition was observed in exposed females when
compared to unexposed controls (Mishonova et al. 1980).  A slightly increased incidence of menstrual
disorders in exposed females was reported by DeRosis et al. (1985); however, the statistical significance
of this finding was not presented.  No evidence for an effect on fertility was observed in exposed males,
but one study of wives of exposed workers found an increased rate of spontaneous abortions (Cordier et
al. 1991).  It is possible that the wives were exposed to mercury as the result of handling contaminated
clothing.  None of the above studies presented information on exposure levels, and few presented
biomonitoring data.  Thus, it is difficult to compare findings in the various studies.


Table 3-28
Reproductive Toxicity of Elemental Mercury in Humans:  Epidemiological Studies


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/728 F NS NS No increase in rate of spontaneous abortions in gardeners, Heidam 1984
exposed/1034 F (occup) dental assistants, painters, and factory workers.
controls BML not reported


Human/29,514 NS NS No correlation between mercury exposure (low and high) and Brodsky et al. 1985
M, 30,272 F (occup) rate of spontaneous abortions in dentists, dental assistants, or


their wives.
BML not reported


Human/153 F <5-17 yr <0.01 Slightly increased prevalence of menstrual disorders in DeRosis et al. 1985
exposed/193 F (occup) TWA at mercury lamp manufacturers, compared with workers subject
controls study; to similar stresses but not exposed to mercury.


>0.05 for 4 Limitations:  Subjective measures; no statistical analysis
yr BML not reported


Human/103 M Avg:  5.9 yr NS No effect of paternal exposure on fertility of chloralkali, Lauwerys et al. 1985
exposed/101 M (1–25 yr) amalgam or electrical equipment workers, compared to
controls (occup) controls with similar workloads.


Avg BML:  52.4 µg/g creatinine in urine (range 5.1-272)


Human/57 F 0.5-27 yr NS In a study of 57 dental professionals (117 pregnancies), Sikorski et al. 1987
exposed (occup) reproductive failure (spontaneous abortion, stillbirth or


congenital malformation) was higher than among unexposed
controls, and the effect was correlated with exposure level
(extrapolated from hair Hg levels) (p=0.004).  Irregular,
painful, or hemorrhagic menses was correlated with exposure
duration (p=0.005).
Limitations:  Small study size; control group not described;
exposure data limited
Avg BML:  0.527 µg/g in scalp hair


Human/8157 F NS NS Based on medical registry, there was no increase in Ericson and Kallen
(occup) spontaneous abortions or stillbirths in pregnancies of dental 1988


professionals, compared to the general population.
BML not reported


Human/247 M 4 mo–8 yr NS No association between paternal exposure and rate of Alcser et al. 1989
exposed/255 M (occup) miscarriages in Department of Energy plant workers.
controls Limitation:  Potential recall bias


BML:  reported only as value integrated over time
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Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3
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Human/20 M 2–18 yr NS No correlation between blood or urinary mercury, and male Erfuth et al. 1990
exposed/21 M (occup) gonadotropic hormones of chloralkali workers, other
controls industrially-exposed workers, or dentists and matched


controls.
BML:  Avg. 46 µg/g creatinine in urine (workers); 2.3 µg/g
creatinine (dentists)


Human/152 F NS NS Increased spontaneous abortions in women whose husbands Cordier et al. 1991
exposed/374 F (occup) were exposed to mercury vapors in chloralkali plants (rate
controls doubled above 50 µg/L in urine; 95% C.I. = 0.99-5.23)


Limitation:  Exposure data limited
Avg BML:  61.9 µg/L in urine (range 26.9–75.9 µg/L)


Human/ 2–20 yr NS No correlation between blood or urinary Hg and male McGregor and
40 M exposed/ (occup) gonadotropic hormones in workers from different industries Mason 1991
63 M controls (not specified)


Avg BML:  103 µg/g creatinine in urine


In rats exposed to elemental mercury vapor, prolongation of estrous cycles was observed both
when compared to either unexposed controls or preexposure rates of cycling (Baranski and Szymczyk
1973).


Table 3-29
Reproductive Toxicity of Elemental Mercury in Animals:  Inhalation Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/m ) Effects/Limitations/BML Reference3


Rat/Strain 3 wk 2.5 Longer estrous cycles, but the effect was not statistically Baranski and
NS/24 F 5 d/wk significant Szymczyk 1973


6 hr/d and BML not reported
Gd 7-20


3.1.3.13 Genotoxicity


Cytogenetic monitoring studies in populations exposed occupationally to elemental mercury
vapor provide conflicting evidence for a clastogenic effect of elemental mercury.  Early studies reported
increased frequencies of chromosomal aberrations among exposed workers (Popescu et al. 1979;
Verschaeve et al. 1976).  These studies, however, were not well-controlled, and the results could not be
reproduced in later studies (Mabille et al. 1984; Verschaeve et al. 1979).  Popescu et al. (1979) compared
two groups of men exposed to elemental mercury vapor (Group I, n=4; Group II, n=18) with an
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unexposed group of ten individuals and found a statistically significant increase in incidence of
chromosome aberrations in the exposed groups.  Verschaeve et al. (1976) found an increase in
aneuploidy in lymphocytes of 28 subjects exposed to low concentrations of mercury vapor (by
comparison to seven controls), but these results were not repeated in later studies (Verschaeve et al.
1979).  Mabille et al. (1984) did not find increases in structural chromosomal aberrations of lymphocytes
of exposed workers.


More recently, Barregard et al. (1991) demonstrated a correlation between cumulative mercury
exposure and induction of micronuclei among a group of chloralkali workers, suggesting a clastogenic
effect.  This study did not show significant differences in frequency or size of micronuclei between the
exposed group to unexposed controls who were matched for age and smoking habits.  Neither did they
find a correlation between the induction of micronuclei and current mercury exposure as measured by
blood or urine mercury levels.  A correlation, however, was observed between cumulative exposure to
mercury and micronuclei induction in T-lymphocytes in exposed workers suggesting a genotoxic effect.


Table 3-30
Genotoxicity of Elemental Mercury in Humans


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/  NS  NS Aneuploidy was significantly (p<0.001) increased in Verschaeve et al.
8 M, 6 F (exposed)/  (occup) subjects exposed due to an unstated occupation or as a 1976
3 M, 4 F (control) result of an accident at a university.  Structural aberrations


were not increased.
Limitations:  Small study size; smoking status not reported
BML Range: 1-114 µg/L in urine


Human/4 M  9.25 yr (avg)  Range: Chromosome breaks (excluding gaps) were significantly Popescu et al. 1979
exposed/10 controls (occup)  0.15-0.44 (p<0.001) increased in whole blood cultures taken from
(sex NS) chemical plant workers.  There was no effect on numerical


chromosome aberrations.
Limitations:  Small sample size; smoking status not
reported.
BML Range: 142-386 µg/L in urine at study


Human/ 1-11 yr <0.05 at The incidence of structural and numerical chromosome Verschaeve et al.
28 exposed/ (occup) time of aberrations in exposed chloralkali plant workers did not 1979
20 controls (sex NS) study differ from controls.  Eight of the controls were unexposed


workers at the same plant and 12 were taken from the
general population.
Limitations:  Small sample size; there were 12 smokers in
the exposed group, 4/8 among the internal controls, and an
unknown number of smokers in the external controls
Avg BML: 35.4 µg/L in urine


Human/  4 yr (avg) NS No increase in structural chromosome aberrations in zinc Mabille et al. 1984
22 exposed/  (0.3-15.3 yr) amalgam or chloralkali workers, compared to unexposed
25 controls (sex NS)  (occup) control workers at the same plant.


Limitations:  Small sample size; there were 15 smokers in
the exposed group and 12 among the controls; limited
exposure data
Avg BML: 30.6 µg/L in blood; range:  7.5-105 µg/L
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Human/26 M  10 yr (avg) Avg The frequency of micronuclei in lymphocytes was Barregard et al.
 (min. 1 yr) samples: correlated with cumulative exposure in Swedish chloralkali 1991
 (occup) 0.025- workers (p = 0.0035).  There was no significant difference


0.050 between the frequency in the exposed and control
populations.
Controls were matched by age; exposed and control groups
each had 14 smokers
Limitation:  Small study size
Avg BML: 9.6 µg/L in blood


No studies were identified that examined the genotoxicity of elemental mercury in animals
following inhalation exposure.  Likewise no studies of genotoxic effects of mercury exposure in vitro
were recovered.


3.2 Inorganic Mercury


Inorganic mercury occurs in numerous forms/compounds; the most common include mercuric
chloride (HgCl ), mercurous chloride (Hg Cl ), mercuric oxide (HgO).  The tables in this section include2 2 2


a notation in the dose column indicating the specific form of inorganic mercury involved in that study. 
Oral  doses, shown in mg/kg-day, have been converted to mg Hg/kg-day using the method shown in 
Appendix A.


3.2.1 Critical Noncancer Data


This section describes studies evaluated by U.S. EPA for use in assessing general systemic health
risks.  Chapter 6 describes the derivation of an oral Reference Dose (RfD) for inorganic mercury based
on several studies wherein kidney diseases consequent to immunological effects were observed.  For
completeness, some of these studies are also presented in tabular form in succeeding sections.


3.2.1.1 Human Data


Singer et al. (1987) studied nerve conduction velocity of the median motor, median sensor and
sural nerves in 16 workers exposed to various inorganic mercury compounds (e.g., mercuric oxides and
mercurial chlorides) for an average of 7.3 ± 7.1 years and compared to an unexposed control group using
t-tests.  They found a slowing of nerve conduction velocity in motor, but not sensory, nerves that
correlated with increased blood and urine mercury levels and an increased number of neurologic
symptoms.  The mean mercury levels in the exposed workers were 1.4 �g/L and 10 �g/L for blood and
urine, respectively.  These urine levels are 2-fold less than those associated with peripheral neurotoxicity
in other studies (e.g., Levine et al. 1982).  There was considerable variability in the data presented by
Singer et al. (1987), however, and the statistical analyses (t-test) were not as rigorous as those employed
by Levine et al. (1982) who used linearized regression analysis.  Furthermore, the subsections in the
Levine et al. (1982) study were asymptomatic at higher urinary levels than those reported to be
associated with subjective neurological complaints in the workers studied by Singer et al. (1987).  These
results, therefore, are not considered to be as reliable as those reported by Levine et al. (1982).
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Kazantzis et al. (1962) performed renal biopsies in 2 (out of 4) workers with nephrotic syndrome
who had been occupationally exposed to mercuric oxide, mercuric acetate and probably mercury vapors. 
The authors felt that the nephrotic syndrome seen in 3 of the 4 workers may have been an idiosyncratic
reaction since many other workers in a factory survey had similarly high levels of urine mercury without
developing proteinuria.  This conclusion was strengthened by work in Brown Norway rats indicating a
genetic (strain) susceptibility and that similar mercury-induced immune system responses have been seen
in affected humans and the susceptible Brown Norway rats (U.S. EPA 1987b).


3.2.1.2 Animal Data


Bernaudin et al. (1981) reported that mercurials administered by inhalation or ingestion to Brown
Norway rats resulted in the development of a systemic autoimmune disease.  The mercuric chloride
ingestion portion of the study involved the forcible feeding of either 0 or 3 mg/kg/week of mercuric
chloride to male and female Brown Norway rats for up to 60 days.  No abnormalities were reported using
standard histological techniques in either experimental or control rats.  Immunofluorescence histology
revealed that 80% (4/5) of the mercuric-exposed rats were observed with a linear IgG deposition in the
glomeruli after 15 days of exposure.  After 60 days of mercuric chloride exposure, 100% (5/5) of the rats
were seen with a mixed linear and granular pattern of IgG deposition in the glomeruli and granular IgG
deposition in the arteries.  Weak proteinuria was observed in 60% (3/5) of the rats fed mercuric chloride
for 60 days.  The control rats were observed to have no deposition of IgG in the glomeruli or arteries as
well as normal urine protein concentrations.


Andres (1984) administered mercuric chloride (3 mg per kg of body weight in 1 mL of water) by
gavage to five Brown Norway rats and two Lewis rats twice a week for 60 days.  A sixth Brown Norway
rat was given only 1 mL of water by gavage twice a week for 60 days.  All rats had free access to tap
water and pellet food.  After 2–3 weeks of exposure, the Brown Norway mercuric chloride-treated rats
started to lose weight and hair.  Two of the mercuric chloride-treated Brown Norway rats died 30–40
days after beginning the study.  No rats were observed to develop detectable proteinuria during the 60-
day study.  The kidneys appeared normal in all animals when evaluated using standard histological
techniques, but examination by immuno-fluorescence showed deposits of IgG present in the renal
glomeruli of only the mercuric-treated Brown Norway rats.  The Brown Norway treated rats were also
observed with mercury-induced morphological lesions of the ileum and colon with abnormal deposits of
IgA in the basement membranes of the intestinal glands and of IgG in the basement membranes of the
lamina propria.  All observations in the Lewis rats and the control Brown Norway rat appeared normal.


The only chronic oral study designed to evaluate the toxicity of mercury salts was reported by
Fitzhugh et al. (1950).  In this study, rats of both sexes (20–24/group) were given 0.5, 2.5, 10, 40 or 160
ppm mercury as mercuric acetate in their food for up to 2 years.  Assuming food consumption was equal
to 5% body weight per day, the daily intake would have been 0.025, 0.125, 0.50, 2.0 and 8.0 mg Hg/kg
for the five groups, respectively.  At the highest dose level, a slight depression of body weight was
detected in male rats only.  The statistical significance of this body weight depression was not stated. 
Kidney weights were significantly (p<0.05) increased at the 2-and 8-mg Hg/kg-day dose levels. 
Pathologic changes originating in the proximal convoluted tubules of the kidneys were also noted with
more severe effects in females than males.  The primary weaknesses of this study were the lack of
reporting (which adverse effects were observed with which dosing groups) and that the most sensitive
strain, the Brown Norway rat, was not used for evaluating the mercury-induced adverse health effects.


NTP (1993) conducted subchronic and chronic gavage toxicity studies on Fischer 344 rats and
B6C3F1 mice to evaluate the effects of mercuric chloride, and the kidney appeared to be the major organ
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of toxicity.  These studies were also summarized by Dieter et al. (1992).  In the 6-month study, Fischer
344 rats (10/sex/group) were administered 0, 0.312, 0.625, 1.25, 2.5, or 5 mg/kg-day of mercuric chloride
(0.23, 0.46, 0.92, 1.9, and 3.7 mg Hg/kg-day), 5 days/week, by gavage.  Survival was not affected,
although body weight gains were decreased in males at high dose and in females at or above 0.46 mg
Hg/kg-day.  Alkaline phosphatase and gamma-glutamyl transferase levels in the urine were significantly
elevated in the females exposed to 3.7 mg Hg/kg-day at four and six months of exposure.  Absolute and
relative kidney weights were significantly increased in both sexes with exposure to at least 0.46 mg
Hg/kg-day.  The kidney weight changes were slightly dose-related in the females.  Histopathology
revealed corresponding changes in the kidneys.  In males, the incidence of nephropathy was 80% in
controls and 100% for all treated groups; however, severity was minimal in the two low-dose groups and
minimal to mild in the 0.92-mg Hg/kg-day group and higher.  In females, there was a significant
increased incidence of nephropathy only at the high-dose group (4/10 with minimal severity). 
Nephropathy was characterized by foci of tubular regeneration, thickened tubular basement membrane
and scattered dilated tubules containing hyaline casts.  No treatment-related effects were observed in the
other organs; however, histopathology on the other organs was performed only on control and high-dose
rats.


B6C3F1 mice (10/sex/group) were administered gavage doses of 0, 1.25, 2.5, 5, 10, or 20 mg/kg-
day mercuric chloride (0, 0.92, 1.9, 3.7, 7.4, or 14.8 mg Hg/kg-day) 5 days/week for 6 months (NTP
1993).  There was a decrease in body weight gain in males at the highest dose tested.  Significant
increases occurred in absolute kidney weights of male mice dosed with 3.7 mg Hg/kg-day or more, and
relative kidney weights were increased in male mice at the 7.4 and 14.8 mg Hg/kg-day doses.  The kidney
weight changes corresponded to an increased incidence of cytoplasmic vacuolation of renal tubule
epithelium in males exposed to at least 3.7 mg Hg/kg-day.  The exposed female mice did not exhibit any
histopathologic changes in the kidneys.


In the 2-year NTP study, Fischer 344 rats (60 per sex per group) were administered 0, 2.5, and 5
mg/kg-day mercuric chloride (1.9 and 3.7 mg Hg/kg-day), 5 days a week, by gavage (Dieter et al. 1992;
NTP 1993).  After two years, survival was significantly reduced in the treated male rats compared to the
controls.  Mean body weights were significantly decreased in both treated males and females (9–10% and
14–15% decrease from control, respectively).  At 15 months, relative kidney weights were significantly
elevated (not dose-related) in all treated groups (15–20% increase from control), and relative brain
weights were significantly elevated (slightly dose-related) in treated females (13–18%).  The increased
kidney weights were accompanied by an increase in severity of nephropathy.  After two years, there was
an increased incidence of nephropathy of moderate-to-marked severity and increased incidence of tubule
hyperplasia in the kidneys of exposed males compared to the controls.  The control males exhibited
nephropathy, primarily of mild-to-moderate severity.  Hyperparathyroidism, mineralization of the heart
and fibrous osteodystrophy were observed and considered secondary to the renal impairment.  There
were no significant differences found in renal effects between exposed and control females.  Other
nonneoplastic effects included an increased incidence of forestomach hyperplasia in the exposed males
and high dose females, increased incidence of nasal inflammation at the high-dose animals, slightly
increased incidence of acute hepatic necrosis in the high-dose males and increased incidence of
inflammation of the cecum in exposed males.  Statistical analyses, however, were not performed on these
histopathologic changes.


NTP (1993) also administered to B6C3F1 mice (60/sex/group) daily oral gavage doses of 0, 5, or
10 mg/kg mercuric chloride (0, 3.7 and 7.4 mg Hg/kg-day), 5 days a week, by gavage for 2 years. 
Survival and body weights of mice were slightly lower in mercuric chloride treated mice compared to
controls.  Absolute kidney weights were significantly increased in the treated males while relative kidney
weights were significantly increased in high-dose males and both low- and high-dose females. 
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Histopathology revealed an increase in the incidence and severity of nephropathy in exposed males (mild
severity in low dose and moderate-to-marked severity in high dose) and females (minimal severity in low
dose and minimal-to-mild severity in high dose).  Nephropathy was defined as foci of proximal
convoluted tubules with thickened basement membrane and basophilic cells with scant cytoplasm.  Some
affected convoluted tubules contained hyaline casts.  There was also an increase in nasal cavity
inflammation (primarily infiltration of granulocytes in nasal mucosa) in the exposed animals.


In a 4-week oral study (Jonker et al. 1993), Wistar rats (5–10/sex/group) were fed a diet
containing 15 and 120 ppm mercuric chloride (0.56 or 4.4 mg Hg/kg-day).  A significant increase in
relative kidney weight was reported for the low-dose females and high-dose males.  There was also an
increase in the incidence of high-dose males that had occasional basophilic tubules in the outer cortex of
the kidneys.  In the range-finding study by Jonker et al. (1993), rats were administered 75, 150, or 300
ppm mercuric chloride (2.8, 5.6, 11.1 mg Hg/kg-day) in the diet for four weeks.  A significant increase in
the relative kidney weights was observed in both sexes for all dose groups; the effect was dose related. 
Nephrosis and proteinaceous casts in the kidneys were reported in both sexes at the lowest dose.  At 5.6
mg/kg-day, the body weight was significantly decreased in males and serum alkaline phosphatase levels
were elevated in females.  At 11.1 mg/kg-day, increased serum aspartate aminotransferase (both sexes),
decreased urinary density (males), increased relative adrenal weight (males), increased serum sodium and
phosphate levels (females) and decrease in body weight (females) were reported.


A series of studies (Boscolo et al. 1989; Carmignani et al. 1989, 1992) reported renal and
cardiovascular changes in rats exposed to mercuric chloride in drinking water.  These studies were
limited due to the small number of animals and dose levels tested.  Boscolo et al. (1989) evaluated the
renal effects of mercuric chloride in two different rat strains.  Male Sprague-Dawley rats (8/group) were
administered 0 or 0.05 mg/mL mercury (0 or 7 mg Hg/kg-day), and male Wistar rats (8/group) received
0, 0.05, or 0.2 mg/mL mercury (0, 7, or 28 mg Hg/kg-day) in drinking water for 350 days.  Increases in
blood pressure and cardiac inotropism, without changes in heart rate, occurred in exposed rats of both
strains.  Hydropic degeneration and desquamation of the proximal tubular cells were exhibited in kidneys
of Sprague-Dawley rats, with alterations and lysis of lysosomes in tubular cells and thickening of the
basal membrane in the glomeruli.  Wistar rats displayed tubular degeneration and membranous
glomerulonephritis in 30% of the glomeruli at 7 mg/kg-day and all glomeruli at 28 mg/kg-day. 
Thickening of basal membrane and hypercellularity and alteration of the mesangial matrix in the
glomeruli and hydropic degeneration of tubules were seen in Wistar rats.  Similar findings of renal
histopathology alterations and cardiovascular changes were reported by Carmignani et al. (1989) who
administered 0 or 0.05 mg/L of mercury (7 mg/kg-day) to male Sprague-Dawley rats (8/group) for 350
days.


In Carmignani et al. (1992), male Sprague-Dawley rats (8/group) received 0 or 0.2 mg/mL of
mercury (28 mg Hg/kg-day) as mercuric chloride in drinking water for a shorter duration (180 days). 
Similar renal changes were observed, as well as IgM deposition in the glomeruli (as shown by
immunofluorescence).  In addition, the treated group displayed significantly decreased urinary kallikrein
and creatinine, decreased plasma renin and increased plasma angiotensin-converting enzyme.  The
cardiovascular effects were slightly different from Boscolo et al. (1989) and Carmignani et al. (1989);
there was an increase in blood pressure but a decrease in cardiac inotropism in the exposed rats.  The
increase in blood pressure was suggested to be due to a vasoconstrictor effect, likely related to a greater
release of noradrenaline from adrenergic neurons and to baroreflex hyposensitivity.  The decrease in
contractility was attributed to a direct toxic effect of the mercury on the cardiac muscle because of the
high levels of mercury detected in the heart.  The differences in the results of cardiovascular changes for
the studies were not explained.
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To evaluate the effect of mercuric chloride on the development of autoimmunity, female SJL/N
mice (7/group) received 0.625, 1.25, 2.5, or 5 ppm mercuric chloride (0.07, 0.14, 0.28, or 0.56 mg Hg/kg-
day) in drinking water ad libitum for 10 weeks (Hultman and Enestrom 1992).  An increase in circulating
antinucleolar antibodies was observed at 0.28 mg Hg/kg-day.  The high-dose group had elevated granular
IgG deposits in the renal mesangium and in vessel walls of glomerular capillaries, arteries and arterioles
of the spleen and in intramyocardial arteries.  Slight glomerular cell hyperplasia and discrete widening of
the centrolobular zone were also exhibited in the 0.56-mg/kg-day group.


Agrawal and Chansouria (1989) administered 0, 2.6, 5.2, and 10.4 mg Hg/kg-day as mercuric
chloride in drinking water to male Charles Foster rats for 60, 120, or 180 days (5/group).  The relative
adrenal gland weight was significantly increased for the dose groups at all durations compared to
controls.  Significant increases in adrenal and plasma corticosterone levels occurred in all dose groups at
60 and 120 days; however, changes were not seen after 180 days.  The authors suggested that mercuric
chloride may have acted as a chemical stressor in a dose- and duration-dependent manner.  The study was
limited because histopathology was not performed on the kidneys, and the adrenal gland was the only
tissue evaluated.


Both male and female Brown Norway rats 7–9 weeks of age were divided into groups of 6–20
animals each (Druet et al. 1978).  The numbers of each sex were not stated.  The animals were injected
subcutaneously with mercuric chloride 3 times weekly, for 8 weeks, with doses of 0, 0.07, 0.2, 0.4, 0.7,
and 1.5 mg Hg/kg.  An additional group was injected with a 0.04 mg/kg for 12 weeks.  Antibody
formation was measured by the use of kidney cryostat sections stained with a fluoresceinated sheep anti-
rat IgG antiserum; urinary protein was assessed by the biuret method.  Tubular lesions were seen at the
higher dose levels.  Proteinuria was seen at doses of 0.07 mg/kg and above, but not at 0.04 mg/kg. 
Proteinuria was considered a highly deleterious effect in that affected animals developed
hypoalbuminemia and many died.  Fixation of IgG antiserum was detected in all groups except controls.


3.2.2 Cancer Data


3.2.2.1 Human data


No data are available on the carcinogenic effects of inorganic mercury in humans.  


3.2.2.2 Animal data


The results from a dietary study in rats and mice show equivocal evidence for carcinogenic
activity in male mice and female rats and some evidence for carcinogenic activity in male rats.  Two
other dietary studies show negative evidence for carcinogenicity, but these studies are limited by
inadequacies in the data and experimental design.


Mercuric chloride was administered by gavage in water at doses of 0, 2.5, or 5 mg/kg-day (0, 1.9
and 3.7 mg Hg/kg-day) to Fischer 344 rats (60/sex/group), 5 days a week, for over 104 weeks (NTP
1993).  An interim sacrifice (10/sex/dose) was conducted after 15 months of exposure.  Complete
histopathological examinations were performed on all animals found dead, killed in extremis, or killed by
design.  Survival after 24 months was statistically significantly (p<0.01) lower in low- and high-dose
males; survival was 43%, 17% and 8% in control, low-, and high-dose males, respectively, and 58%,
47%, and 50% in control, low-, and high-dose females, respectively.  During the second year of the
study, body weight gains of low- and high-dose males were 91% and 85% of controls, respectively, and
body weight gains of low- and high-dose females were 90% and 86% of controls, respectively.  At study
termination, nephropathy was evident in almost all male and female rats including controls, but the
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severity was much greater in treated males; the incidence of "marked" nephropathy was 6/50, 29/50, and
29/50 in control, low- and high-dose males, respectively.  


Squamous cell papillomas of the forestomach showed a statistically significant (p<0.001)
positive trend with dose by life table adjusted analysis; the incidences were 0/50, 3/50 and 12/50 in
control, low-, and high-dose males, respectively.  The incidence in female rats was 0/50, 0/49 and 2/50 in
control, low- and high-dose groups, respectively.  These neoplasms are rare neoplasms in rats and
occurred in only 1 out of 264 historical controls.  The incidence of papillary hyperplasia of the stratified
squamous epithelium lining of the forestomach was statistically significantly (p�0.01) elevated in all
dosed males (3/49, 16/50 and 35/50 in control, low- and high-dose males, respectively) and in high-dose
females (5/50, 5/49 and 20/50 in control, low- and high-dose females, respectively).  The incidence of
thyroid follicular cell carcinomas was marginally significantly (p=0.044 by logistic regression analysis;
tumors not considered to be fatal) increased in high-dose males (1/50, 2/50 and 6/50 in control, low- and
high-dose groups, respectively).  The data, adjusted for survival, also showed a significant (p=0.017)
positive trend in males.  The combined incidence of thyroid follicular cell neoplasms (adenoma and/or
carcinoma), however, was not significantly increased (2/50, 6/50 and 6/50 in control, low- and high-dose
males, respectively).  In female rats a significant decrease in the incidence of mammary gland
fibroadenomas was observed (15/50, 5/48 and 2/50 in control, low- and high-dose females, respectively). 
Table 3-31 gives the incidences of lesions which were increased in treated animals.


The high mortality in both groups of treated males indicates that the maximally tolerated dose
(MTD) was exceeded in these groups and limits the interpretation of the study.  NTP (1993) considered
the forestomach tumors to be of limited relevance to humans because the tumors did not appear to
progress to malignancy.  NTP (1993) also questioned the relevance of the thyroid carcinomas because
these neoplasms are usually seen in conjunction with increased incidences of hyperplasia and adenomas,
but increases in hyperplasia (2/50, 4/50 and 2/50 in control, low- and high-dose males, respectively) or
adenomas (1/50, 4/50 and 0/50 in control, low- and high-dose males, respectively) were not observed.


In the same study, mercuric chloride was administered by gavage in water at doses of 0, 5, or
10 mg/kg-day (0, 3.7 and 7.4 mg Hg/kg-day), 5 days a week, for 104 weeks to B6C3F1 mice
(60/sex/group) (NTP 1993).  An interim sacrifice (10/sex/dose) was conducted after 15 months of
exposure.  Terminal survival of male mice was not affected by the administration of mercuric chloride;
survival of high-dose females was slightly lower (p=0.051) than controls (41/60, 35/60 and 31/60 in
control, low- and high-dose females, respectively).  Body weight gain was not affected.  Female mice
exhibited a significant increase in the incidence of nephropathy (21/49, 43/50 and 42/50 in control, low-
and high-dose females, respectively).  Nephropathy was observed in 80–90% of the males in all groups. 
The severity of nephropathy increased with increasing dose (1.08, 1.74 and 2.51 in control, low- and
high-dose males, respectively; 0.47, 1.02 and 1.24 in control, low- and high-dose females, respectively). 
The incidence of renal tubule hyperplasia was 1/50, 0/50 and 2/49 in control, low- and high-dose males.
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Table 3-31
Incidence  of Selected Lesions in Rats in the NTP (1993) 2-Year Gavage Studya


Tumor Site and Type Dose Group (mg Hg/kg-day)


Males Females


0 1.9 3.7 0 1.9 3.7


Forestomach


   Papillary hyperplasia 3/49 16/50 35/50 5/50 5/49 20/50b b b


   Squamous cell papilloma 0/50 3/50 12/50 0/50 0/49 2/50c


Thyroid Follicular Celld


   Adenoma 1/50 4/50 0/50 -- -- --


   Carcinoma 1/50 2/50 6/50 -- -- --e


   Adenoma or carcinoma 2/50 6/50 6/50 -- -- --


 Overall rate a


 p � 0.01 b


 p �0.001; trend test also p<0.001 c


 Data on thyroid follicular cell lesions were reported for males only. d


 p = 0.044, logistic regression e


As shown in Table 3-32, the combined incidence of renal tubule adenomas and adenocarcinomas
was 0/50, 0/50 and 3/49 in control, low- and high-dose males, respectively.  Although no tumors were
seen in the low-dose group, a statistically significant (p=0.032) positive trend for increased incidence
with increased dose was observed.  These observations were considered important because renal tubule
hyperplasia and tumors in mice are rare.  The two-year historical incidence of renal tubule adenomas or
adenocarcinomas in male mice dosed by gavage with water was 0/205, and only four of the nearly 400
completed NTP studies have shown increased renal tubule neoplasms in mice.  NTP did not report a
statistical comparison of the study data to historical control data.  Analysis of the reported data with
Fisher's Exact test, however, showed that the incidence of renal tubule adenomas or adenomas and
carcinomas (combined) in the high-dose males was significantly elevated when compared to historical
controls (Rice and Knauf 1994).
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Table 3-32
Incidence  of Renal Tubule Tumors in Male Mice in thea


NTP (1993) 2-Year Gavage Study


Dose Group (mg/kg-day)


0 5 10


Adenoma 0/50 0/50 2/49


Adenomacarcinoma 0/50 0/50 1/49


Adenoma or adenomacarcinoma 0/50 0/50  3/49b


 Overall ratea


 p = 0.107; trend test p = 0.032b


 A 2-year feeding study in rats (20 or 24/sex/group; strain not specified) was conducted in which
mercuric acetate was administered in the diet at doses of 0, 0.5, 2.5, 10, 40, and 160 ppm (0, 0.02, 0.1,
0.4, 1.7, and 6.9 mg Hg/kg-day) (Fitzhugh et al. 1950).  Survival was not adversely affected in the study. 
Increases in kidney weight and renal tubular lesions were observed at the two highest doses.  No
statement was made in the study regarding carcinogenicity.  This study was not intended as a
carcinogenicity assay, and the number of animals/dose was rather small.  Histopathological analyses
were conducted on only 50% of the animals (complete histopathological analyses were conducted on
only 31% of the animals examined), and no quantitation of results or statistical analysis was performed.


No increase in tumor incidence was observed in a carcinogenicity study using white Swiss mice
(Schroeder and Mitchener 1975).  Groups of mice (54/sex/group) were exposed until death to mercuric
chloride in drinking water at 5 ppm mercury (0.95 mg Hg/kg-day).  No effects on survival or body
weights were observed.  After dying, mice were weighed, dissected, gross tumors were detected, and
some sections were made of the heart, lung, liver, kidney and spleen for microscopic examination. 
Mercuric chloride was nontoxic in the study.  No statistically significant differences were observed in
tumor incidences for treated animals and controls.  This study is limited because complete histological
examinations were not performed, only a single dose was tested, and the MTD was not achieved.


The increasing trend for renal tubular cell tumors in mice observed in the NTP (1993) study is
supported by similar findings in mice after chronic dietary exposure to methylmercury (Hirano et al.
1986; Mitsumori et al. 1981, 1990).  In these studies, dietary exposure to methylmercuric chloride
resulted in increases in renal tubular tumors at doses where substantial nephrotoxicity was observed.
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Table 3-33
Carcinogenic Effects of Inorganic Mercury in Animals:  Oral Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations//BML Reference


Rat/strain 2 yr 0, 0.02, 0.1, No carcinogenicity reported Fitzhugh et al. 1950
NS/20–24 M, ad lib 0.4, 1.7, 6.9 Limitations:  small number of animals/dose; complete
20-24 F histopathological examinations conducted on only 31% of


a


animals; no statistical analyses


Rat/F344/ 2 yr 0, 1.9, 3.7 Thyroid follicular cell carcinomas in males at 3.7. NTP 1993
60 M, 60 F 5 d/wk (HgCl ) Limitations:  MTD exceeded (high mortality in treated


1 x/d males); limited relevance of lesions to humans
(gavage)


2


Mouse/Swiss/54 Lifetime 0.95 No carcinogenicity reported Schroeder and
M, 54 F ad lib (HgCl ) Limitations: Complete histopathological examinations not Mitchener 19752


performed; only single dose level tested; MTD not
achieved


Mouse/ 2 yr 0, 3.7, 7.4 Renal tubule tumors (adenoma or adenomacarcinoma) in NTP 1993
B6C3F1/ 5 d/wk (HgCl ) 3/49 males at 7.4 (positive trend test, p=0.0032)
60 M, 60 F 1 x/d Limitations:  Severe nephropathy also observed in high-


(gavage) dose males.


2


 Phenylmercuric acetate and mercuric acetate  a


3.2.3 Other Data


3.2.3.1 Death


The estimated lethal dose of inorganic mercury for a 70 kg adult is 10–42 mg Hg/kg (Gleason et
al. 1957).  Most deaths attributed to inorganic mercury occur soon after a person ingests a single large
amount of mercury.  Causes of death include cardiovascular failure, gastrointestinal damage and acute
renal failure (Troen et al. 1951).


Table 3-34
Lethality of Inorganic Mercury in Humans:  Case Study


Species/
No. per Exposure Dose


Sex Duration (mg/kg-day) Effects/Limitations/BML Reference


Human/25 M, Once 21-37 (est.) Case studies of mercuric chloride poisonings in victims age Troen et al. 1951
29 F (HgC1 ) 2-60 yr; 9 resulted in death (all adults).2


BML not reported
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The estimated LD  for rats following oral exposure to mercuric chloride is 25.9 mg Hg/kg;50


however, LD  levels as high as 77.7 mg Hg/kg have been observed in rats (Kostial et al. 1978).  Male50


rats appear to be more sensitive to the effects of mercuric chloride.  This was demonstrated in a chronic-
duration oral study with rats, in which 40/50 males and 21/49 females died at the low dose, 45/50 males
and 20/50 females died at the high dose, compared to 24/50 males and 15/50 females in the controls
(Dieter et al. 1992; NTP 1993).  The increase in deaths in the male rats was statistically significant and
were considered to be due to renal lesions.  Mortality incidence was not significantly increased in
exposed female groups.


Table 3-35
Lethality of Inorganic Mercury in Animals:  Oral Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/Albino Once NS LD  = 25.8 mg/kg for 2-week old pups; older rats had Kostial et al. 1978
(NS)/6 NS (gavage) (6 levels) higher LD  values.


(HgCl ) Limitation:  Incomplete data reporting (i.e., doses not2


50


50


reported, toxic effects not specified)
BML not reported


Rat/F344/5 M, 14 d 0, 0.93, 1.9, 2/5 males died at 14.8; no other animals died. Dieter et al. 1992
5 F 5 d/wk 3.7, 7.4, 14.8 BML:  45.4 µg/g in kidney of males, 43.3 µg/g in kidney


1 x/d (HgCl ) of females
(gavage)


2


Rat/F344/ 2 yr 0, 1.9, 3.7 40/50 males died at 1.9 mg/kg, vs. 24/50 control males; Dieter et al. 1992
50 M, 50 F 5 d/wk (HgCl ) survival of dosed females was not significantly different


1 x/d from controls.
(gavage) BML not reported


2


Mouse/ 14 d 0, 3.7, 7.4, 9/10 died (LOAEL = 59). NTP 1993
B6C3F /5 M, 5 5 d/wk 14.8, 29, 59 Limitations:  small number of animals1


F 1 x/d (HgCl ) BML not reported
(gavage)


2


3.2.3.2 Neurological


Limited studies are available concerning neurological toxicity following oral exposure to
inorganic mercury.  These studies are summarized below.
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Table 3-36
Neurotoxicity of Inorganic Mercury in Humans:  Case Studies


Species/ Exposure Dose
No. per Sex Duration (mg/kg-day) Effects/Limitations/BML Reference


Human/2 F 6–25 yr 0.73 Dementia, irritability, decreased cerebellar neurons, low Davis et al. 1974
(Hg Cl ) brain weight2 2


Limitation:  Case study
BML:  3.4-4.7 µg/g in frontal cortex


Human/2 M (1 3 mo NS Drooling, dysphagia, irregular arm movements, impaired Kang-Yum and
child), 1 adult F (Hg Cl ) gait, convulsions following ingestion of patent medicines Oransky 19922 2


(HgS) containing mercuric sulfide and mercurous chloride
Limitation:  Case studies; concomitant exposure to other
metals; limited exposure data
BML:  39-2800 µg/L in 24 hr urine


There are several animal studies in which inorganic mercury-induced neurotoxicity has been
reported.


Table 3-37
Neurotoxicity of Inorganic Mercury in Animals:  Oral Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/ 11 wk 0, 0.74 Weakening of hind legs, crossing reflex of limbs, ataxia; Chang and
Holtzman/ (HgCl ) degenerative changes in neurons of dorsal root ganglia and Hartmann 1972
8 M exposed, Purkinje and granule cells of cerebellum
8 M control Limitation:  One dose level tested


2


BML not reported


Rat/Sprague 3 mo ad lib in 0, 2.2 Inactivity and abnormal gait Goldman and
Dawley/12 F feed (HgCl ) Limitation:  One dose level tested Blackburn 1979
exposed, 10 F BML not reported
controls


2


Mouse/C57BL 17 mo 0.74 for 110 d, No clinical signs of neurotoxicity; no effect on optic or Ganser and
6J/NS ad lib in then 7.4–14.8 peripheral nerve structure Kirschner 1985


drinking for 400 d; 2.2 Limitation:  Lack of statistical analyses due to insufficient
water for 17 mo number of animals tested; uncertainty of dosage due to


(HgCl ) large variation in water consumption2


BML not reported


3.2.3.3 Renal


The kidney appears to be the critical target organ for the effects of acute ingestion of inorganic
mercury.  Case studies of poisonings by mercuric chloride report acute renal failure, including
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proteinuria, oliguria and hematuria, in people ingesting estimated doses of 3.5–37 mg Hg/kg (Afonso and
deAlvarez 1960; Pesce et al. 1977; Troen et al. 1951).  These effects are attributed to tubular and
glomerular pathology.


Table 3-38
Renal Toxicity of Inorganic Mercury in Humans:  Case Studies


Species/ Exposure Dose
No. per Sex Duration (mg/kg-day) Effects/Limitations/BML Reference


Human/25 M, Once 3.5-37 (est.) Case studies of mercuric chloride poisonings in victims Troen et al. 1951
29 F (HgCl ) age 2-60 yr; 18 cases resulted in renal effects2


(albuminuria, anuria)
BML not reported


Human/1 F Once 30 Oliguria; proteinuria; hematuria following ingestion of Afonso and
(adult) (tablet) (HgCl ) mercuric chloride deAlvarez 19602


Limitation:  Case study
BML not reported


Human/1 M Once 21.4 Proteinuria indicating glomerular and tubular damage  Pesce et al. 1977
(HgCl ) Limitation:  Case study2


BML:  Avg 370 µg/L in blood


There are numerous animal studies reporting kidney damage in rats and mice ingesting inorganic
mercury.  Acute exposures result in increased kidney weight with at least 0.46 mg Hg/kg-day and tubular
necrosis at higher doses; males appear to have greater sensitivity for the histological changes than
females (Fowler 1972; NTP 1993).  Similarly, longer-term studies have found histopathologic effects
affecting the tubules and glomeruli, including thickening of basement membranes and degeneration of
tubular cells (Carmignani et al. 1989; Jonker et al. 1993; NTP 1993).  A study monitoring kidney
function reported ketonuria and proteinaceous casts (Jonker et al. 1993).


Table 3-39
Renal Toxicity of Inorganic Mercury in Animals:  Oral Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/Sprague 350 d 0, 7 Hydropic degeneration of tubular cells Carmignani et al.
Dawley/8 M ad lib in (HgCl ) Limitation:  Only one dose tested 1989


drinking BML:  140 µg/g in kidney
water


2







Table 3-39 (continued)
Renal Toxicity of Inorganic Mercury in Animals:  Oral Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference
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Rat/Sprague- 180 d 0, 28 Hydropic degeneration of tubular cells, IgM deposition Carmignani et al.
Dawley/8 M ad lib in (HgCl ) in glomeruli, decreased urinary kallikrein and 1992


drinking creatinine, decreased plasma renin, increased plasma
water angiotensin-converting enzyme


2


Limitation:  Only one dose tested
BML:  0.94 µg/g in blood


Rat/Wistar/5 M, 5 4 wk 0, 0.56, 4.4 Ketonuria in males at 4.4 mg/k-day; increased kidney Jonker et al. 1993
F exposed/10 M, ad lib in feed (HgCl ) weight in males and females (LOAEL = 0.56 in
10 F controls females, 4.4 in males)


2


BML not reported


Rat/Wistar/ 4 wk 2.8, 5.6, 11.1 Ketonuria in males at all levels; increased relative Jonker et al. 1993
5 M, 5 F ad lib in feed (HgCl ) kidney weight, increased nephrosis and proteinaceous
exposed/10 M, 10 casts in males and females (LOAEL = 2.8)
F controls BML not reported


2


Rat/F344/ 14 d 0, 0.93, 1.9, Increased absolute and relative kidney weight in males NTP 1993
5 M, 5 F 5 d/wk 3.7, 7.4, 14.8 and females (LOAEL = 1.9); acute renal tubule necrosis


1 x/d (HgCl ) at �3.7 mg/kg-day in both sexes
(gavage) BML:  43-46 µg/g in kidney at 14.8 mg/kg


2


Rat/F344/ 6 mo 0, 0.23, 0.46, Increased absolute and relative kidney weight in males NTP 1993
10 M, 10 F 5 d/wk 0.93, 1.8, 3.7 and females (LOAEL = 0.46); increased severity of


1 x/d (HgCl ) nephropathy in males (LOAEL = 0.93)
(gavage) BML:  86.2-89.6 µg/g in kidney at 0.93 mg/kg


2


Rat/F344/ 2 yr 0, 1.9, 3.7 Increased severity of nephropathy in males (thickening NTP 1993
60 M, 60 F 5 d/wk (HgCl ) of glomerular and tubular basement membranes;


1 x/d degeneration and atrophy of tubule epithelium)
(gavage) (LOAEL = 1.9)


2


BML not reported


Mouse/NMRI/20 Once 0, 5, 10, 20, 40 Decreased selenium-dependent glutathione peroxidase Nielsen et al. 1991
(sex NS) (gavage) (HgCl ) activity in kidney; minor renal tubular damage (LOAEL
exposed/10 = 10)
controls BML:  260 µg/L in blood at 10 mg/kg


2


Mouse/NMRI/24 Once 0, 20 Necrosis of proximal tubules Nielsen et al. 1991
(sex NS) (gavage) (HgCl ) BML not reported2


Mouse/B6C3F / 14 d 0, 3.7, 7.4, Increased absolute and relative kidney weight (LOAEL NTP 19931


5 M, 5 F 5 d/wk 14.8, 29, 59 = 3.7); acute renal tubular necrosis at 29 mg/kg-day in
1 x/d (HgCl ) males and at 59 mg/kg-day in males and females
(gavage) BML:  116-171 µg/g in kidney at 29 mg/kg-day


2


Mouse/B6C3F / 6 mo 0, 0.93, 1.9, Increased absolute and relative kidney weight of males NTP 19931


10 M, 10 F 5 d/wk 3.7, 7.4, 14.8 (LOAEL = 3.7); Cytoplasmic vacuolation of tubule
1 x/d (HgCl ) epithelium in males (LOAEL = 3.7)
(gavage) BML:  36.1-40.6 µg/g in kidney at 3.7 mg/kg-day


2







Table 3-39 (continued)
Renal Toxicity of Inorganic Mercury in Animals:  Oral Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference
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Mouse/B6C3F / 2 yr 0, 3.7, 7.4 Increased severity of nephropathy (foci of proximal NTP 19931


60 M, 60 F 5 d/wk (HgCl ) tubules with thickened basement membrane; basophilic
1 x/d cells with scant cytoplasm (LOAEL = 3.7)
(gavage) BML not reported


2


Bernaudin et al. (1981) exposed male and female Brown Norway rats (number not specified) to
mercuric chloride via aerosols (4 hours/week) and intratracheal instillation for 2 months.  The aerosol
exposures resulted in a retention of 0.05–0.06 mg HgCl /kg/hour (based on radiolabeled mercury); the2


parameters of the aerosol were not well characterized (e.g., no mass median aerodynamic diameter
(MMAD) or geometric standard deviation provided and the particle generation system was not
adequately described).  The autoimmune response was typified by a linear pattern of IgG conjugate
fixation in kidney glomeruli and a granular pattern of fixation in kidney glomeruli and arteries, lung and
spleen; evidence of autoimmune disease was noted at all but the lowest intratracheal exposure level (60
µg HgCl /kg/week).  In two of three rats exposed to aerosols and examined when sacrificed, weak2


proteinuria (1, 28 and 47 mg/day) was detected.  No significant proteinuria was observed in the animals
administered mercuric chloride by intratracheal instillations.


Table 3-40
Renal Toxicity of Inorganic Mercury in Animals:  Inhalation Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/m ) Effects/Limitations/BML Reference3


Rat/Brown 2 mo, 1x/wk 0, 6, 11, 47, Autoimmune effect in spleen at 6 mg/kg-day and in Bernaudin et al.
Norway/ 3-8 both (intra- 79 mg/kg-day spleen, lung and kidney at higher doses 1981
sexes  tracheal) (HgCl ) BML not reported2


Rat/Brown 2 mo, 1 Weak proteinuria; autoimmune effect in kidney, lung Bernaudin et al.
Norway/5 both 4 d/wk, (HgCl /m ) and spleen 1981
sexes 1 hr/d (estimate of BML not reported


(aerosol) minimum air


2
3


concentration)


3.2.3.4 Cardiovascular


No studies were located regarding the cardiovascular toxicity of inorganic mercury in humans
following oral exposure.
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Limited information was located regarding the cardiovascular toxicity of inorganic mercury
following oral exposure in animals.  Signs of cardiovascular toxicity in rats include increased blood
pressure and varying changes in the contractility of the heart (Carmignani et al. 1989, 1992).  These signs
manifested after oral exposure to mercuric chloride in drinking water for 180 or 350 days.  No other
animal studies were located.


Table 3-41
Cardiovascular Toxicity of Inorganic Mercury in Animals: Oral Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/Sprague 350 d 0, 7 Increased blood pressure; positive inotropic response Carmignani et al.
Dawley/8 M ad lib in (HgCl ) (p<0.05) 1989


drinking Limitation:  Only one dose tested; small number of
water animals


2


BML:  0.9 µg/g in heart


Rat/Wistar/8 M 180 d 0, 28 Increased blood pressure (p<0.05); negative inotropic Carmignani et al.
ad lib in (HgCl ) response (not significant) 1992
drinking Limitation:  Only one dose tested; small number of
water animals


2


BML:  940 µg/L in blood, 4.1 µg/g in heart


3.2.3.5 Gastrointestinal


Irritation of the gastrointestinal mucosa is a common outcome of mercury toxicity following
ingestion of mercuric chloride (Murphy et al. 1979).  Ingestion of inorganic mercury may also cause
vomiting, nausea, severe abdominal pain and diarrhea (Afonso and deAlvarez 1960; Murphy et al. 1979). 
No studies were located regarding the gastrointestinal toxicity of inorganic mercury after ingestion in
humans for intermediate or chronic durations.


Table 3-42
Gastrointestinal Toxicity of Inorganic Mercury in Humans:  Case Studies


Species/ Exposure Dose
No. per Sex Duration (mg/kg-day) Effects/Limitations/BML Reference


Human/25 M, Once 3.5-37 (est.) Case studies of mercuric chloride poisonings in victims Troen et al. 1951
29 F (HgCl ) age 2-60 yr; effects ranged from nausea to severe corrosive2


gastritis
Limitation:  exposure data limited
BML not reported


Human/1 F Once 30 Nausea; vomiting; abdominal cramps; diarrhea after Afonso and
(adult) (tablets) (HgCl ) ingestion of mercuric chloride deAlvarez 19602


Limitation:  Case study
BML not reported
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Similar signs of gastrointestinal irritation appear in mice after intermediate duration oral
exposure to mercuric chloride (NTP 1993).  Histopathologic analyses reveal inflammation and necrosis
of the stomach tissue.  Further damage occurs to the gastrointestinal tract with continued dosing (NTP
1993).  The incidence of hyperplasia of the forestomach epithelium increases in high-dose rats fed
mercuric chloride for two years (NTP 1993).


Table 3-43
Gastrointestinal Toxicity of Inorganic Mercury in Animals:  Oral Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/F344/60 2 yr 0, 1.9, 3.7 Forestomach epithelial hyperplasia (LOAEL = 1.9 in NTP 1993
M, 60 F 5 d/wk (HgCl ) males, 3.7 in females).


1 x/d BML not reported
(gavage)


2


Mouse/ 14 d 0, 3.7, 7.4, Stomach inflammation and necrosis (LOAEL = 59). NTP 1993
B6C3F /5 M, 5 5 d/wk 14.8, 29, 59 BML:   116-171 µg/g in kidneys at 29 mg/kg-day1


F 1 x/d (HgCl ) Limitation:  small number of animals
(gavage)


2


3.2.3.6 Hepatic


Limited information is available regarding the hepatic toxicity of inorganic mercury in humans
after oral exposure.  Murphy et al. (1979) reported on a man who died after ingesting an unspecified
amount of mercuric chloride.  The man was jaundiced, and his liver enzymes were elevated prior to
death.  Histopathological analyses revealed a softened and enlarged liver.


Liver enzymes were increased in rats and mice that ingested mercuric chloride for 4 or 6 weeks
(Dieter et al. 1983; Jonker et al. 1993; Rana and Boora 1992).  In addition, liver weights were
significantly increased in mice after exposure to mercuric chloride in drinking water (Dieter et al. 1983). 
No microscopic changes were seen, however, during the histopathological analyses.  No other animal
data were available regarding oral exposure to inorganic mercury.
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Table 3-44
Hepatic Toxicity of Inorganic Mercury in Animals:  Oral Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/Charles 30 d NS Increased lipid peroxidation (p<0.02) Rana and Boora
Foster/5 M 1 x/d (HgCl ) Limitation:  Only one dose (NS) tested 1992


feed BML not reported
2


Rat/Wistar/ 4 wk 2.8, 5.6, 11.1 Increased serum alkaline phosphatase in males and females Jonker et al. 1993
5/sex ad lib in feed (HgCl ) (LOAEL = 5.6 in females, 11.1 in males)
exposed/10/sex Limitation:  small number of animals
controls BML not reported


2


Mouse/ 1-7 wk 0, 0.6, 2.9, 14.3 Increased plasma cholinesterase (LOAEL = 2.9) Dieter et al. 1983
B6C3F /10 M ad lib in (HgCl ) Limitation:  small number of animals tested1


drinking BML:  0.6 µg/L in blood at 7 wk, at 2.9 mg/kg/d
water


2


3.2.3.7 Immunological


In addition to the inorganic mercury-induced autoimmune glomerulonephritis discussed earlier
(see discussion of renal effects in Section 3.2.1), several studies identified other immunotoxicity
endpoints in animals after oral exposure to inorganic mercury.


3.2.3.8 Developmental


No studies were located regarding the developmental toxicity of inorganic mercury in humans
after inhalation exposure.  


The only information located regarding developmental toxicity in animals from inhalation
exposure to mercuric mercury comes from a study in which mice were exposed to aerosols containing
mercuric chloride during gestation (Selypes et al. 1984).  Increases were observed in the incidence of
delayed ossification and dead or resorbed fetuses; the statistical significance of these effects was not
reported.  In addition, at the highest concentration, a significant increase in weight retardation was also
observed.  Interpretation of this study is limited, however, because the aerosols were not well
characterized, and it is not known to what extent the droplets were respirable or were cleared from the
upper respiratory tract and swallowed.
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Table 3-45
Immunotoxicity of Inorganic Mercury in Animals:  Oral Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/Brown- 2 mo 2.2 IgG deposits in glomerular capillary wall of kidney and Bernaudin et al.
Norway/6 both 1 x/wk (HgCl ) renal arteries, suggestive of autoimmune disease; similar 1981
sexes (gavage) deposits also observed in lungs and spleen; no deposits
exposed/22 observed in controls
controls both Limitation:  Only one dose tested; small number of
sexes animals tested


2


BML not reported 


Mouse/ 7 wk 0, 0.6, 2.9, 14.3 Suppression of lymphoproliferative response to T-cell, Dieter et al. 1983
B6C3F /10 M ad lib in (HgCl ) concavalin A and phytohemagglutinin (LOAEL = 2.91


drinking mg/kg-day; p<0.05)
water BML: 600 µg/L in blood at 2.9 mg/kg-day


2


Mouse/SJL or 2 wk 0, 0.7 Increased lymphoproliferative response to concanavalin A Hultman and
DBA/5 F ad lib in (HgCl ) and E. coli lipopolysaccharide (p<0.02) Johansson 1991


drinking Limitations:  only one dose tested; small number of
water animals tested


2


BML not reported


Mouse/SJL/7 F 10 wk 0, 0.07, 0.14, Increased antinucleolar antibodies in IgG class (LOAEL = Hultman and
ad lib in 0.28, 0.56 0.28, p<0.05) Enestrom 1992
drinking (HgCl ) Limitation:  small number of animals tested
water BML:  5.2 µg/g in kidney


2


Mouse/ 14 d 0, 3.7, 7.4, Decreased thymus weight (LOAEL = 14.8) NTP 1993
B6C3F /5 M, 5 5 d/wk 14.8, 29, 59 Limitation:  small number of animals tested1


F 1 x/d (HgCl ) BML:  116-171 µg/g in kidney at 29 mg/kg-day
(gavage)


2


Table 3-46
Developmental Toxicity of Inorganic Mercury in Animals:  Inhalation Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/m ) Effects/Limitations/BML Reference3


Mice/CFLP/ 4 d 0, 0.17, 1.6 Increased dead or resorbed fetuses; delayed ossification Selypes et al. 1984
No. F NS 4 hr/d (HgCl ) (LOAEL = 0.17)


Gd 9-12 Limitations:  Data were reported as number of embryos only,
2


not as number of affected litters; no statistical analysis; aerosol
exposure was not well characterized; maternal toxicity was not
evaluated
BML not reported
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Developmental effects have been reported in animals following oral exposure to inorganic
mercury.  These efforts include an increased incidence of abnormal fetuses in hamsters (Gale 1974),
growth retardation in rats (Rizzo and Furst 1972) and decreased body weights in several rat studies.  


Gale (1974) administered 0, 4, 8, 25, 35, 50, 75, or 100 mg mercuric acetate/kg (0, 2.5, 5, 16, 22,
32, 47, or 63 mg Hg/kg) to pregnant golden hamsters (10/exposed group; 3/control group) by gavage in
distilled water on the 8th day of gestation.  The pregnant animals were sacrificed on gestation day 12 or
14, and the uterine contents were examined.  A statistically significant increase in the incidence of
abnormal fetuses (combined incidence of small, retarded, edematous, and/or malformed fetuses) was
observed at 16 mg Hg/kg.  Statistically significant increases in the percentage of resorbed fetuses was
observed at 22 mg Hg/kg and in the percentages of small, retarded and edematous fetuses observed at 32
mg Hg/kg.  No treatment-related effects were observed on the fetuses at 5 mg Hg/kg.  Toxic effects
observed in maternal animals included weight loss, diarrhea, slight tremor, somnolence, tubular necrosis
in the kidneys and cytoplasmic vacuolization of hepatocytes.


Rizzo and Furst (1972) administered �7 mg Hg/kg as mercuric oxide to pregnant Long-Evans
rats (5/group) by gavage in peanut oil on gestation day 5, 12, or 19 in a pilot study.  On gestation day 20
or 21, the rats were sacrificed, and the uterine contents were examined.  Rats administered mercury on
gestation day 5 had a higher percentage of fetuses with growth retardation and inhibition of eye
formation (statistical significance not reported).  Similar increases in these effects were not observed
after administration on gestation day 12 or 19.  No toxicity in maternal animals was reported.


McAnulty et al. (1982) administered 8, 12, 16, or 24 mg mercuric chloride/kg-day (6, 9, 12, or 18
mg Hg/kg-day) by gavage to pregnant rats (strain and number not specified) on gestation days 6–15 as
reported in an abstract.  The abstract did not report whether controls were used.  Fetal and placental
weights were decreased at 9 mg Hg/kg-day and above.  At 12 and 18 mg Hg/kg-day, increased
postimplantation losses were reported.  These effects were attributed to maternal toxicity and decreased
food intake.  At 18 mg Hg/kg-day, increases in delayed ossification and malformations were reported. 
Statistical analyses were not reported.


Pritchard et al. (1982a) administered 4, 8, or 16 mg mercuric chloride/kg-day (3, 6, or 12 mg
Hg/kg-day) by the oral route to pregnant rats (number and strain not specified) from gestation day 15
until postpartum day 25, as reported in an abstract.  The abstract did not state whether controls were
used.  At 6 and 12 mg Hg/kg-day, pup weight was decreased on postpartum day 1. Subsequent weight
gain in these groups was also decreased.  No other effects on development or behavior were observed
postpartum.  Females at 6 and 12 mg Hg/kg-day had a decreased rate of weight gain, and gestation time
was slightly extended.  Statistical analyses were not reported.


Pritchard et al. (1982b) administered 12, 16, or 24 mg mercuric chloride/kg-day (9, 12, 18 mg
Hg/kg-day) to female rats (strain and number not reported) by gavage before mating and during gestation. 
The abstract did not report whether controls were used.  At 12 mg Hg/kg-day and above, females
exhibited weight loss and appeared unhealthy, estrous cycles became irregular, and high preimplantation
losses were observed.  No effects on ovulation, estrous cycles, implantation, and fetal development were
observed at 9 mg Hg/kg-day.  Statistical analyses were not reported.
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Table 3-47
Developmental Toxicity of Inorganic Mercury in Animals:  Oral Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/Long- Once 0, 2.0 Growth retardation; inhibition of eye formation in group Rizzo and Furst
Evans/5 F Gd 5, 12, or (HgO) treated on Gd 5, with some effect on Gd 12 group. 1972


19 Limitations:  No statistical analysis; small number of
(gavage) litters in treated groups (and controls)


BML not reported


Rat/Strain 10 d 6, 9, 12, 18 Decreased fetal and placental weights (LOAEL = 9); McAnulty et al.
NS/no. F NS 1 x/d (HgCl ) malformations at 18. 1982


Gd 6-15 Limitations:  Reported as an abstract; few details reported
(gavage) BML not reported


2


Rat/Strain Approx. 32 d 3, 6, 12 Decreased pup weight and weight gain (LOAEL = 6); no Pritchard et al.
NS/no. F NS 1 x/d (HgCl ) effect in an unspecified developmental and behavioral 1982a


Gd 15-ppd 25 testing battery.
(gavage) Limitations:  Reported as an abstract; few details reported


2


BML not reported


Rat/Strain Before 9, 12, 18 High preimplantation loss (LOAEL = 12). Pritchard et al.
NS/no. F NS mating and (HgCl ) Limitations:  Reported as an abstract; few details reported 1982b


during BML not reported
gestation
(gavage)


2


Hamster/ Once 0, 2.5, 5, 16, 22, Increased incidence of abnormal (small, retarded, Gale 1974
Golden/10 F Gd 8 32, 47, 63 edematous, and/or malformed--exencephaly,
exposed/3 F (gavage) [Hg (CH COO) ] encephalocele, ectrodactyly, etc.) fetuses (LOAEL = 16,
controls p<0.05); maternal toxicity: weight loss, diarrhea, slight


3 2


tremors, somnolence, tubular necrosis, hepatocellular
necrosis.
Limitation:  Small sample size; smaller control group;
insufficient detail about number of animals sacrificed at
Gd 12 or Gd 14; single day of treatment; incomplete
examinations reported (no visceral, only partial skeletal)
BML not reported


In addition to the oral and inhalation studies summarized above, several studies using other
routes of administration (i.p., s.c., i.v.) provide evidence of developmental toxicity associated with
exposure to mercury salts.  These studies are summarized below.


Gale and Ferm (1971) injected anesthetized pregnant golden hamsters (6–19/group)
intravenously with 0, 2, 3, or 4 mg mercuric acetate/kg (0, 1.3, 1.9, or 2.5 mg Hg/kg) on gestation day 8. 
Controls were injected with vehicle (demineralized water).  Maternal animals were sacrificed on
gestation day 12 or 14, and the uterine contents were examined.  A significantly increased incidence of
resorptions was observed at all doses.  In addition, increased incidences of retarded and edematous
fetuses were observed at all doses (statistical significance not reported).  Toxic effects observed in
maternal animals included weight loss, diarrhea, slight tremor, somnolence and kidney lesions; however,
the report did not specify at which doses the maternal effects were observed.
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Gale (1974) compared the embryotoxicity of mercuric acetate administered by different routes in
pregnant golden hamsters (3–23/group).  Subcutaneous administration of 0, 4, 8, 20, 35, or 50 mg
mercuric acetate/kg (0, 2.5, 5, 13, 22, or 32 mg Hg/kg) on gestation day 8 resulted in a significant
decrease in the percentage of normal embryos and a significant increase in the percentage of small
embryos at 2.5 mg Hg/kg.  At 5 mg Hg/kg, significant increases in resorptions, abnormal, retarded,
edematous, and malformed fetuses were observed.  Intraperitoneal administration of 0, 2, 4, or 8 mg
mercuric acetate (0, 1.3, 2.5, or 5 mg Hg/kg) on gestation day 8 resulted in significant increases in the
percentage of resorptions, abnormal, small, and edematous fetuses at 1.3 mg Hg/kg.  Intravenous
administration of 0 or 4 mg mercuric acetate/kg (0 or 2.5 mg Hg/kg) on gestation day 8 resulted in
significant increases in resorptions, abnormal, small, retarded, edematous, and malformed fetuses at 2.5
mg Hg/kg.  Comparison of the extent of the developmental toxicity demonstrated an effect of route of
administration:  i.p. > i.v. > s.c. > oral.


Gale (1981) compared the embryotoxicity of mercuric acetate in 6 strains of hamsters
(LAK:LVG[SYR], CB/SsLak, LHC/Lak, LSH/SsLak, MHA/SsLak.  PD4/Lak).  Maternal animals of the
various strains (3–9/group) were injected subcutaneously with 0 or 15 mg/kg mercuric acetate (0 or 9.5
mg Hg/kg) on gestation day 8.  Controls were injected with demineralized distilled water.  Maternal
animals were sacrificed on gestation day 12 or 15, and the uterine contents were examined.  The
percentage of resorptions was significantly increased in all strains examined on days 12 and 15.  Strain-
specific variations were observed in the incidences of abnormal, edematous and retarded fetuses and in
the incidences of ventral wall defects, distension of the pericardial cavity, cleft palate, hydrocephalus and
cardiac abnormalities.  Maternal toxicity was not described.


Kavlock et al. (1993) injected pregnant Sprague-Dawley rats (6–25/group) subcutaneously with
0, 1, 2, 3, or 4 mg mercuric chloride/kg (0, 0.7, 1.5, 2.2, or 3.0 mg Hg/kg) on gestation day 7, 9, 11, or 13. 
On gestation day 21, rats were sacrificed, and the uterine contents were examined.  No increase in
malformations was observed in fetuses from mercuric chloride-treated dams.  Exposure on gestation day
7 resulted in a significant decrease in fetal weight and an increase in the number of supernumerary ribs
(statistical significance not reported) at 2.2 mg Hg/kg.  Exposure on gestation day 9 resulted in
significantly decreased live fetuses/litter and increased resorptions at 3 mg Hg/kg.  Exposure on gestation
days 11 or 13 resulted in no significant differences in fetal parameters.  Maternal toxicity (increased
mortality, decreased body weight, increased kidney weight, increased urine osmolality, and/or increased
serum urea or creatinine) were observed at 1.5 mg Hg/kg and above.  No consistent correlations were
observed between maternal and fetal toxicity.


Kajiwara and Inouye (1986) injected Kud:ddY mice (10/group) intravenously with 0, 0.5, 1.0,
1.5, 2.0, and 2.5 mg Hg/kg as mercuric chloride on gestation day 0.  Controls were injected with vehicle
(physiological saline).  Maternal animals were sacrificed on gestation day 3.5, and the oviducts and
uterus were flushed to obtain preimplantation embryos.  At 1.5 mg Hg/kg and above, the number of
abnormal embryos was significantly increased.  Maternal animals at 1.5 mg Hg/kg and above exhibited a
decrease in body weight (statistical significance not determined).  The study authors suggested that fetal
toxicity may have been related to maternal toxicity.


Kajiwara and Inouye (1992) injected Kud:ddY mice (5–15/group) intravenously with 0, 1, 2, or
2.5 mg Hg/kg as mercuric chloride on gestation day 0.  Controls were injected with vehicle
(physiological saline).  Maternal animals were sacrificed on gestation day 5 or 12, and the oviducts and
uterine contents were examined.  The animals sacrificed at gestation day 5 showed statistically
significant decreases in the number of embryos at all doses and an increase in blastocysts without
decidua (delay of implantation) at 2 and 2.5 mg Hg/kg.  The animals sacrificed at gestation day 12
showed a statistically significant decrease in the number of implants, number of living fetuses and
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average fetal weight at 2 and 2.5 mg Hg/kg.  Maternal toxicity was not well-described, but 7 females at
2.5 mg Hg/kg and 2 females at 2 mg Hg/kg died.  The study did not determine whether the failure to
implant was due to fetal toxicity or maternal uterine dysfunction.


A study by Bernard et al. (1992) was performed to assess whether prenatal and early postnatal
exposure to inorganic mercuric salts can produce nephrotoxic effects.  They found that s.c. injection of
dams with just 1 mg/kg-day during pregnancy caused renal effects in the offspring.  Of note is that these
effects did not appear to be significantly different in the group of dams dosed throughout the gestation
period compared to dams dosed only during the last 8 days of gestation.


3.2.3.9 Reproductive


A single case study was located concerning reproductive toxicity in humans exposed to inorganic
mercury; however, it is not clear whether the effects were compound-related.  No information was
identified regarding the reproductive toxicity of inorganic mercury following inhalation exposure.


Table 3-48
Reproductive Toxicity of Inorganic Mercury in Humans:  Case Study


Species/ Exposure Dose
No. per Sex Duration (mg/kg-day) Effects/Limitations/BML Reference


Human/1 F Once 30 Spontaneous abortion 13 days after ingestion of mercuric Afonso and
(tablet) (HgCl ) chloride deAlvarez 19602


Limitation:  Case study; abortion may have been unrelated
to mercury exposure
BML not reported


In animals orally exposed to inorganic mercury compounds, changes in the estrous cycle and
ovulation and/or increased resorptions were reported (Pritchard et al. 1982b).


In male mice administered a single i.p. dose of 0.74 mg Hg/kg as mercuric chloride, fertility
decreased between days 28 and 49 post-treatment with no obvious histological effects noted in the sperm
(Lee and Dixon 1975).  The period of decreased fertility indicated that spermatogonia and premeiotic
spermatocytes were affected.  The effects were less severe than those noted after treatment with a similar
dose of methylmercury.  A single i.p. dose of 1.5 mg Hg/kg as mercuric chloride administered 1–5 days
prior to mating in female mice resulted in a significant decrease in the total number of implants, number
of living embryos and a significant increase in the percentage of dead implants (Suter 1975).  These
effects suggest that mercury may be a weak inducer of dominant lethal mutations.  In female golden
hamsters administered 6.4 or 12.8 mg Hg/kg subcutaneously, there was no observed increase in
chromosomal aberrations in metaphase II oocytes (Watanabe et al. 1982).  At the first estrous cycle post
treatment, there was a significant increase in the number of degenerated oocytes in animals at the high-
dose group. At the second estrous cycle both treatment groups had increased numbers of degenerated
oocytes, suggesting an effect of mercuric chloride on ovulation.
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Table 3-49
Reproductive Toxicity of Inorganic Mercury in Animals;  Oral Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/strain NS "before 9, 12, 18 Irregular estrous cycles and high preimplantation loss Pritchard et al.
NS/NS no. of F mating and (HgCl ) (LOAEL = 12); decreased ovulation (LOAEL = 18) 1982b


during Limitations:  Limited details; reported as an abstract; no
gestation" statistical analysis reported
(gavage) BML not reported


2


3.2.3.10 Genotoxicity


Two occupational studies (Anwar and Gabal 1991; Popescu et al. 1979) reported on workers
inhaling inorganic mercury; the data were inconclusive regarding the clastogenic activity of inorganic
mercury.  Workers involved in the manufacture of mercury fulminate (Hg[OCN] ) had a significant2


increase in the incidence of chromosomal aberrations and micronuclei in peripheral lymphocytes when
compared to unexposed controls (Anwar and Gabal 1991).  There was no correlation between urinary
mercury levels or duration of exposure to the increased frequency of effects; the study authors concluded
that mercury may not have been the clastogen in the manufacturing process.  In a study by Popescu et al.
(1979), 18 workers exposed to a mixture of mercuric chloride, methylmercuric chloride and
ethylmercuric chloride had significant increases in the frequency of acentric fragments (chromosome
breaks).  The findings, however, are suspect because the control group was not matched for sex, smoking
habits or sample size.


Table 3-50
Genotoxicity of Inorganic Mercury in Humans


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/29 M 20.8 yr (avg) NS Increased incidence of chromosomal aberrations (p<0.001) Anwar and Gabal
exposed/ 29 M (occup) Hg(OCN) and micronuclei (p<0.01) in lymphocytes of workers exposed 1991
control to mercury fulminate compared with age-matched controls; no


2


correlation between frequency of chromosome and exposure
duration or urinary mercury level.
BML:  123.2 µg/L in urine (avg)


Human/18 M 10.5 yr 0.15-0.44 Increased frequency of chromosomal breaks. Popescu et al. 1979
exposed/ (occup) (HgCl ) Limitations:  Workers also exposed to methylmercuric
10 control chloride and ethylmercuric chloride, and one worker had


2


history of benzene poisoning; control group was not matched
for sex, smoking habits, or sample size.
BML:  �890 µg/L in urine (avg)
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Exposure to inorganic mercury may produce an increase in chromosomal aberrations in mice
following oral and inhalation exposure (Ghosh et al. 1991; Selypes et al. 1984).  Mercuric chloride
administered to mice by gavage induced a dose-related increase in chromosome aberrations and aberrant
cells in the bone marrow (Ghosh et al. 1991); however, mice given i.p. doses of mercuric chloride have
shown no increase in chromosomal aberrations in bone marrow cells (Poma et al. 1981) and no increase
in aneuploidy in spermatogonia (Jagiello and Lin 1973).  Similarly, an increased incidence of
chromosomal aberrations (primarily deletion and numeric aberrations) was observed in livers of fetal
mice exposed to mercury in utero as the result of maternal inhalation of aerosols of mercuric chloride
(Selypes et al. 1984).  Female golden hamsters injected s.c. with mercuric chloride were observed to have
increased incidence of chromosome aberrations in bone marrow cells but not in metaphase II oocytes
(Watanabe et al. 1982).  Mercuric chloride concentrations in the ovaries were low but had an inhibiting
effect on ovulation. Verschaeve et al. (1984) reported that in vitro exposure of human lymphocytes and
muntjac fibroblasts to mercuric chloride resulted in segregation abnormalities; namely, c-mitotic figures. 
The effects of mercuric chloride on genetic material has been suggested to be due to the ability of
mercury to inhibit of the formation of the mitotic spindle, which can result in c-mitotic figures.  Mercuric
chloride has also been shown to inhibit nucleolus organizing activity in human lymphocytes (Vershaeve
et al. 1983).


Positive dominant lethal results have been obtained in studies in which rats were administered
mercuric chloride orally (Zasukhina et al. 1983). Suter (1975) observed a small, but significant increase
in the number of non-viable implants when female mice were administered mercuric chloride by
intraperitoneal injection; this effect was not observed when males were treated. It was not clear whether
the increase in non-viable implants was due to maternal toxicity or to a true dominant lethal effect of the
treatment.


Sex-linked recessive lethal mutations were not observed as a consequence of exposure of male
Drosophila melanogaster by either feeding or injection (NTP 1993).


As summarized in  NTP (1993) and U.S. EPA (1985), mercuric chloride has produced some
positive results for clastogenicity in a variety of in vitro and in vivo genotoxicity assays, but mixed
results regarding its mutagenic activity have been reported.  Mercuric chloride was negative in gene
mutation tests with Salmonella typhimurium strains TA1535, TA1537, TA98 and TA102 with or without
hepatic microsomal preparations (S9) (Arlauskas et al. 1985; Marzin and Phi 1985; Wong 1988). 
Mercuric chloride has shown evidence of DNA damage in the Bacillus subtilis rec assay (Kanematsu et
al. 1980) but did not induce lytic phage in a lysogenic E. coli strain (Rossman et al. 1984).


DNA damage (single strand breaks) has also been observed in assays using rat and mouse
embryo fibroblasts (Zasukhina et al. 1983) and Chinese hamster ovary (CHO) cells and human KB cells
(Cantoni and Costa 1983; Cantoni et al. 1982, 1984a,b; Christie et al. 1984, 1986; Robison et al. 1982,
1984; Williams et al. 1987).  Mercuric chloride also produced chromosome aberrations and sister
chromatid exchange (SCE) in CHO cells (Howard et al. 1991) and SCE in human leucocytes (Morimoto
et al. 1982).  Negative results for chromosomal aberrations were reported for FM3A cells (from a mouse
mammary carcinoma) (Umeda and Nishimura 1979) and for two human diploid lines, WI38 and MRC  5


(Paton and Allison 1972).  Negative results for SCE were reported for don cells (Ohno et al. 1982) and
for P388D, mouse cells and CHO cells (Anderson 1983).  Evidence of gene mutations (considered
weakly positive) was observed in L5178Y mouse lymphoma cells in the presence of microsomal
preparations (Oberly et al. 1982).


NTP (1993) reached the following conclusions from their in vitro testing of mercuric chloride:
not mutagenic for Salmonella typhimurium in preincubation protocols with and without rat and hamster
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liver preparations; positive for L5178Y cells without addition of hepatic preparations; negative for SCE
in CHO cells without addition of S9 but weakly positive when rat S9 was added; positive for
chromosomal aberrations in CHO cells in the absence but not the presence of liver preparations; it was
not clear what role was played by cytotoxicity in the generation of these chromosomal aberrations.


Table 3-51
Genotoxicity of Inorganic Mercury in Animals


 Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/m ) Effects/Limitations/BML Reference3


Mice/CFLP 4 d 0.17, 1.6 Increased incidence of chromosomal aberrations in fetal Selypes et al. 1984
NS/No. F NS 4 hr/d (HgCl ) hepatocytes


Gd 9-12 Limitations:  The number of mothers corresponding to the 10
2


fetuses examined was not reported; no statistical analysis
BML not reported


3.3 Methylmercury


Organic mercury compounds have been used as fungicides and as pharmaceutical agents
(diuretics).  Organic mercurials including Metaphen, Merthiolate and Mercurochrome still find use as
topical antiseptics.  Phenylmercury salts are used in pharmaceutical, ophthalmic and cosmetic
preparations to control growth of microbial organisms (Joklik et al. 1984).  Other organic mercury
compounds include methylmercuric chloride (MMC), methylmercuric hydroxide (MMH) and
phenylmercuric acetate (PMA).  Nearly all of the available toxicity studies for organic mercury
compounds, however, are for methylmercury.  Unless otherwise noted, all studies summarized in tables
in this section are for methylmercury.  All oral doses were converted to mg Hg/kg-day, and all inhalation
doses were converted mg Hg/m  using the method shown in Appendix A.3


3.3.1 Critical Noncancer Data


This section provides descriptions of studies considered by U.S. EPA in evaluation of systemic
health endpoints, largely neurotoxicity in exposed adults and in children exposed in utero.  Chapter 6
describes the derivation of an RfD for methylmercury based on developmental neurologic abnormalities
in human infants.  For completeness some of these studies are also presented in subsequent sections in
tabular form.


3.3.1.1 Human Data


Several studies of methylmercury poisonings in humans have been reported (see discussion on
Neurologic Effects).  CNS effects were observed in several studies summarized by Clarkson et al. (1976),
Nordberg and Strangert (1976), and WHO (1976).  CNS effects including ataxia and paresthesia have
been observed in subjects with blood mercury concentrations as low as 200 µg/L. 
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The original epidemiologic report of methylmercury poisoning involved 628 human cases that
occurred in Minamata, Japan, between 1953 and 1960.  The overall prevalence rate for the Minamata
region for neurologic and mental disorders was 59%.  Among this group 78 deaths occurred, and hair
concentrations of mercury ranged from 50–700 ppm.  These hair mercury concentrations were
determined through the use of less precise analytic methods than were available for later studies.  The
most common clinical signs observed in adults were paresthesia, ataxia, sensory disturbances, tremors,
impairment of hearing and difficulty in walking.  Examination of the brains of severely affected patients
that died revealed marked atrophy of the brain (55% normal volume and weight) with cystic cavities and
spongy foci.  Microscopically, entire regions were devoid of neurons, granular cells in the cerebellum,
golgi cells and Purkinje cells.  Extensive investigations of congenital Minamata disease were undertaken,
and 20 cases that occurred over a 4-year period were documented.  In all instances the congenital cases
showed a higher incidence of symptoms than did the cases wherein exposure occurred as an adult. 
Severe disturbances of nervous function were described, and the affected offspring were very late in
reaching developmental milestones.  Hair concentrations of mercury in affected infants ranged from 10 to
100 ppm.  Hair mercury levels for the mothers during gestation were not available (Tsubaki 1977).


In 1971, an unknown  number of people in Iraq were exposed to methylmercury-treated seed
grain that was used in home-baked bread.  Studies conducted on this population include that of Bakir et
al. (1973), Marsh et al. (1987) and others.  Toxicity was observed in many adults and children who had
consumed this bread over a three-month period, but the population that showed greatest sensitivity were
offspring of pregnant women who ate contaminated bread during gestation.  The predominant symptom
noted in adults was paresthesia, and it usually occurred after a latent period of from 16 to 38 days.  In
adults symptoms were dose-dependent, and among the more severely affected individuals ataxia, blurred
vision, slurred speech and hearing difficulties were observed.  Signs noted in the infants exposed during
fetal development included cerebral palsy, altered muscle tone and deep tendon reflexes, as well as
delayed developmental milestones (e.g., walking before 18 months and talking before 24 months).  Some
information indicated that male offspring were more sensitive than females.  The mothers experienced
paresthesia and other sensory disturbances but at higher doses than those associated with their children
exposed in utero.  Unique analytic features of mercury (analysis of segments of hair correlated to specific
time periods in the past) permitted approximation of maternal blood levels that fetuses were exposed to
in utero.  The data collected by Marsh et al. (1987) summarized clinical neurologic signs of 81 mother
and child pairs.  From x-ray fluorescent spectrometric analysis of selected regions of maternal scalp hair,
concentrations ranging from 1 to 674 ppm were determined, then correlated with clinical signs observed 
in the affected members of the 81 mother-child pairs.  Among the exposed population there were affected
and unaffected individuals throughout the dose-exposure range.  (See also Bakir et al. (1973) in sections
on Death and Neurological Effects).


McKeown-Eyssen et al. (1983) provided a report of neurologic abnormalities in four
communities of Cree Indians in northern Quebec.  A group of 247 children between 12 and 30 months of
age was evaluated for  clinical signs consistent with methylmercury exposure. A pediatric neurologist
evaluated the children for the following: height, weight, head circumference, dysmorphic and congenital
features and the presence of acquired disease.  In addition to the DDST the following assessments were
done: special senses, cranial nerve function, sensory function, muscle tone, stretch reflexes, co-
ordination, persistence of Babinski response, and a summary of signs for absence or presence of
neurologic abnormality.   An attempt was made to account for possible confounding factors; the
interviewers determined alcohol and tobacco consumption patterns among the mothers of affected
children.  Age of the mothers and multiparity was also taken into account in analysis of the data.
Maternal hair mercury was used as the exposure measure.  The average maternal hair mercury was the 
same for boys and girls (6 ppm); only 6% of the population had exposure above 20 ppm.  The prevalence
of multiple abnormal neurologic findings was about 4% for children of both sexes.  The most frequently
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observed abnormality was delayed deep tendon reflexes.  This was seen in 11.4% of the boys and 12.2%
of the girls.  Abnormality of muscle tone or reflexes showed a significant positive association with
maternal mercury exposure for boys, but not for girls.  A consistent dose-response relationship for this
effect was not observed; however, the greatest prevalence of the effect in boys occurred for those with
mothers in the highest exposure group (13.0-23.9 ppm mercury in hair).  No other measure of abnormal
or decreased neurologic function or development showed a significant positive association with maternal
hair mercury.  The prevalence of abnormality of muscle tone or reflexes was found to increase 7 times
with each increase of 10 ppm of the prenatal exposure index.  There was possible influence of alcohol
consumption and smoking among mothers on the effects observed in their children.


Studies performed in New Zealand investigated the development of children who had prenatal
exposure to methylmercury (Kjellstrom et al. 1986a, 1989).  A group of 11,000 mothers who regularly
ate fish was initially screened by survey; of these, about 1000 had consumed 3 fish meals per week
during pregnancy.  Working from these two large groups, 31 matched pairs were established.  A
reference child matched for mother's ethnic group, age, child's birthplace and birth date was located for
each child in the high fish consumption group.  Mercury exposure during gestation was determined from
maternal hair analysis.  The average hair concentration for high exposure mothers was 8.8 ppm and for
the reference group was 1.9 ppm.  At 4 years of age, the children were tested using the Denver
Developmental Screen Test (DDST).  This is a standardized test of a child's mental development and can
be administered in the child's home. It consists of four major function sectors:  gross motor, fine motor,
language and personal-social.  A developmental delay in an individual item is scored when the child has
failed in his/her response and at least 90% of children can pass this item at a younger age.  The whole test
is scored as abnormal, questionable, or normal.  Standardized vision tests and sensory tests were also
performed to measure development of these components of the nervous system.  The prevalence for
developmental delay in children was 52% for progeny of high mercury mothers and 17% for progeny of
mothers of the reference group.  The hair mercury concentrations of the mothers in this study were lower
than those associated with CNS effects in children exposed in Japan and Iraq.  The results of the DDST
included 2 abnormal scores and 14 questionable scores in the high mercury-exposed group and 1
abnormal and 4 questionable scores in the control group.  The results remained statistically significant
after the 8 pairs where ethnic group matching was not successful and twins were excluded.  Analysis of
the DDST results by sector showed that developmental delays were most commonly noted in the fine
motor and language sectors, but the differences between the experimental and control groups were not
significant.   The differences noted in performance of the DDST between high mercury-exposed and
referent children could be due to confounding variables.  Infants of the mercury-exposed group more
frequently had low birth weights and were more likely to be born prematurely. 


A second stage follow-up of the original Kjellstrom study was carried out when the children
were 6 years old (Kjellstrom et al. 1986b).  In this later study the high exposure children were compared
with 3 control groups with lower prenatal mercury exposure.  During pregnancy, mothers in two of these
control groups had high fish consumption and average hair mercury concentrations of 3–6 ppm and
0–3ppm, respectively.  The high exposure group was matched with controls for maternal ethnic group,
age, smoking habits, residence, and sex of the child.  For the second study, 61 of 74 high exposure
children were available for study.  Each child was tested with an array of scholastic, psychological and
behavioral tests which included Test of Language Development (TOLD), the Wechsler Intelligence Scale
for Children and McCarthy Scale of Children's Abilities.  The results of the tests were compared between
groups.  Confounding was controlled for by a modelling procedure using linear multiple regression
analysis.  A principal finding was that normal results of the psychological test variables were influenced
by ethnic background and social class.  High prenatal methylmercury exposure decreased performance in
the tests, but it contributed only a small part of the variation in test results.  It was found that an average
hair mercury level of 13–15 ppm during pregnancy was consistently associated with decreased test
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performance.  Size of the experimental groups limited the power of the study to determine if lower
exposure levels might have had a significant effect on test results.  The studies are limited for assessing
methylmercury toxicity because the intelligence tests used may not be the most appropriate for defining
the effects of methylmercury.  Also, greater significance was seen in differences of cultural origins of the
children than the differences in maternal hair methylmercury concentrations.


A prospective study (Marsh et al. 1995) of fetal exposure to methylmercury through maternal
consumption of fish was conducted in the Peruvian fishing village of Mancora between 1981-1984.  An
account of the study was written in 1985 and subsequently published in 1995.  Hair samples were
obtained from 369 pregnant women, and neurologic examinations were performed on 194 of the children
from these pregnancies.  Of this cohort there were 131 mother-infant pairs with complete clinical data
and hair samples that provided quantitative measures of methylmercury exposure during pregnancy.  The
peak hair mercury levels ranged from 1.2 to 30 ppm with a mean of 8.3 ppm.  Testing of hair segments
and statistical analyses confirmed that the women had reached a relatively steady state in terms of
methylmercury.  No significant correlation was shown between increasing maternal hair methylmercury
and effects on the developmental determinations assessed in this study.  Measures included the
following:  perinatal factors (labor or delivery difficulty, abnormal respiration or color), maternal
paresthesia, speech retardation, muscle tone evaluation, determination of primitive and tendon reflexes,
ataxia and mental and motor retardation.


There has been an increasing concern about the likelihood of exposure of people residing in the
Amazonian watershed to methylmercury in fish and other sources.  The Amazon River valley is the site
of many small gold mining operations which use metallic mercury in the extraction process; it is
estimated that 55-60% is released to the atmosphere and 40-45% enters the aquatic environment (Pfeiffer
et al. 1989; Malm et al 1990).  Lebel et al (1996) have published a study of 29 adult residents of two
villages located on the Tapajos River, a tributary of the Amazon located about 200 Km from the mining
sites.  There were 14 women and 15 men  aged 35 and younger who were randomly chosen from a
previous survey.  Total hair mercury ranged from 5.6 to 38.4 ppm; methylmercury constituted between
72.2% and 93.3% of the sampled mercury.  A quantitative behavioral neurophysiologic battery was
modified for administration to persons with minimal formal education in an area without electricity. For
women only there was a decrease with increasing hair mercury in manual dexterity as measured in the
Santa Ana test, Helsinki version.  For both men and women there was a statistically significant decrease
with increasing mercury in color discrimination capacity (as measured by the Lanthony D-15 desaturated
panel).  Near visual contrast sensitivity profiles (measured with the Vistech 6000) and peripheral visual
field profile (Goldman Perimetry with Targets I and IV) were both reduced in the individuals with the
highest hair mercuries.  The authors noted that constriction of the visual field has been observed in other
instances of mercury intoxication and that changes in contrast sensitivity has been noted in non-human
primates exposed to methylmercury (Rice and Gilbert 1982; Rice and Gilbert 1990).


Lonky et al. (1996) have reported on studies of behavioral effects in newborns as a consequence
of maternal consumption of fish from Lake Ontario in the U.S..  Fish from the U.S. Great Lakes have
been shown to be contaminated with a number of environmental pollutants including PCBs and
methylmercury.  A total of 559 children were tested. Exposure was measured as fish consumption which
was determined by interviews taking place during pregnancy.  Information was collected on fish species,
number of meals, serving size, and method of preparation.  Exposure was scaled in PCB equivalent
weights. Women were assigned to the high dose group if they reported eating at least 40 PCB-equivalent
pounds of fish in their lifetime (n=152); the low fish consumption group numbered 243, and there were
164 no-fish-consumption controls.  Infants born to the high fish consumption group scored significantly
more poorly on the Reflex, Autonomic and Habituation clusters of the Neonatal Behavioral Assessment
Scale.  The authors do not attribute these developmental effects to exposure to any one compound;
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analyses of cord blood and maternal hair are being done for PCBs, DDE, hexachlorobenzene, lead and
mercury. 


In 1981 a group of researchers in conjunction with the Seychelles Island government initiated a
large study on developmental effects of low level methylmercury exposure from consumption of marine
fish.  The Seychelles is an island country in the Indian Ocean near the coast of Africa where fish are
consumed by the population on a daily basis. A pilot study (essentially a cross-sectional study) was
initiated which focused on all children born between February 1989 and February 1990.  A total of 804
mother-infant pairs were enrolled, which was 48% of those eligible.  The main study was designed to be
prospective and involved 779 mother-child pairs.  In both studies maternal hair samples and umbilical
cord blood were measured for total mercury content using atomic absorption spectroscopy.  Children
were enrolled in the pilot study during the years 1987-1988; the main study enrolled children from 1989
to 1990.  Both the pilot and main studies involved about 50% of all children born during the year, 804
and 779 children respectively.  (Shamlaye et al. 1995)


The authors have noted that the pilot study was not as well-controlled as the main or longitudinal
study:  there were fewer covariates, medical records were not reviewed as carefully, there was less
information on socio-economic status.  Subsets of enrolled children were tested, and the main purpose of
testing was to pilot the test batteries.  Multiple hair samples collected for the pilot study during gestation
had methylmercury ranging from 0.6 to 36.4 ppm with a median of 6.6 ppm (Myers et al. 1995b).  The
endpoints evaluated during the pilot study included a general neurologic evaluation and the DDST-R in
addition to examinations of physical development.  The age of each child was known; children were
tested once between the ages of 5 and 109 weeks of age.  In addition to DDST-R testing, a medical
history was obtained, and general and neurologic examinations were also performed.  Statistical analysis
included the following covariates:  gender, birth weight, one- and five-minute Apgar score, age at testing,
and medical problems.  Covariates for the mothers were age, tobacco and alcohol consumption during
pregnancy and medical problems. An association between in utero mercury exposure was found for
DDST-R abnormal plus questionable scores combined. (Myers et al 1995b)


A subset of the pilot cohort was evaluated at 66 months (Myers et al. 1995a).  This group of 217
children was administered the McCarthy Scales of Children’s Abilities, the Preschool Language Scale,
and the Letter-Word Recognition and Applied Problems subtests of the Woodcock-Johnson Tests of
Achievement that were appropriate to the children’s age.  The median maternal hair mercury for this
group was 7.11 ppm. Mercury exposure (measured as maternal hair mercury) was negatively associated
with four endpoints:  The McCarthy General Cognitive Index and Perceptual Performance subscale; and
the Preschool Language Scale Total Language and Auditory Comprehension subscale.  When statistically
determined outliers and points considered to be influential were removed from the analyses, statistical
significance of the association remained only for auditory comprehension. 


The prospective or main study, involved evaluation of children at 6.5, 19, 26 and 66 months of
age.  Age-appropriate tests administered included the following:  Infantest (or Fagan’s test of visual
recognition memory), Bayley Scales of Infant Development (BSID), McCarthy Scales of Children’s
Abilities, the Preschool Language Scale and the DDST (6.5 months only).  Maternal intelligence and
home environment were also assessed (Marsh  et al. 1995a).  In the group (n = 740) evaluated at 6.5
months, median maternal hair mercury was 5.9 ppm with a range of 0.5 ppm to 26.7 ppm. No association
with maternal hair mercury was found for any of six endpoints in six children tested at six months.
(Myers et al. 1995c).


Evaluations at 19 and 29 months were done on groups of 738 and 736 individuals, respectively
(Davidson et al. 1995).  Median maternal hair mercury was 5.9 ppm and the range was 0.5 to 26.7 ppm.
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Children were evaluated with the BSID at 19 months of age.  At 29 months, children were administered
the BSID as well as the Bayley Infant Behavior Record. Mean BSID mental indices were comparable to
scores for children in the U.S. at both 19 and 29 months.  The BSID Psychomotor Scale was reflective of
the rapid development of motor skills by children reared in African cultures.  No effects of mercury
exposure were seen on outcome of five test endpoints at 19 months.  At 29 months there was an
association between mercury exposure and decreased activity level in male children only.  The authors
point out that the activity level observed during the testing session may not reflect the child’s activity
level in other settings.  There was no association with maternal hair mercury in 15 other endpoints.


Delayed onset of walking and talking were among the measures of toxicity used in the evaluation
of Iraqi children in utero (Marsh et al. 1987.)  When the children in the Seychelles study reached the age
of 19 months, caregivers were queried as to the time at which they walked and talked (n=760 and 680,
respectively).  Onset of walking was defined as walking without support and age at talking as the age at
which the child said words other than “mama” or “dada.”  The mean age for walking was 10.7 months for
girls and 10.6 for boys; for talking it was 10.5 for girls and 11.0 for boys.  For female children, the mean
age for walking was similar across all mercury exposures.  In boys, the mean age for walking increased
between 0.3 and 0.6 months from the lowest to highest mercury exposure groups.  Statistical analyses
adjusted covariates and outlying points data.  With these adjustments there was no statistically significant
association between maternal hair mercury and age at which the child walked or talked.


The overall conclusion of the studies published to date is that it is yet unclear whether an
association exists between low level mercury exposure and neurologic deficits in children.  The study
does show a close correlation between maternal hair mercury and neonatal levels of mercury in brain
tissue (Cernichiari et al. 1995).  The authors cautioned in several papers that subtle neurologic and
neurobehavioral effects are more likely to be detected in older rather than younger children. The overall
conclusion of the authors is that their results require careful interpretation, and that an association
between relatively low level mercury exposure in utero and neurologic deficits has not been conclusively
demonstrated. 


A large study was initiated in the Faroe Islands in 1986 on neurologic developmental effects of
methylmercury and PCB exposure in utero (Grandjean et al. 1997).  The population of the Faroes is
relatively homogeneous.  During pregnancy consumption of alcoholic beverages is uncommon.  As with
other fishing communities, seafood is large part of the Faroese diet.  Increased mercury exposure,
however, is largely attributed to the eating of pilot whale, which is traditionally hunted and shared among
the population (Grandjean et al. 1992a).  Subjects were a group of 917 (of an initial cohort of 1022)
children born between 1986 and 1987 and evaluated at about 7 years of age.  Mercury was measured in
maternal hair and cord blood, and a subset of cords was evaluated for PCBs.  Of the initial cohort the
median blood mercury was 24.2 µg/L with 25% of the samples above 40 µg/L.  The median maternal hair
mercury  concentration was 4.5 ppm, and 13% were greater than 10 ppm (Grandjean et al. 1992a).  Cord
blood mercury was found to be most closely associated with maternal hair mercury; the association with
hair measurements in the children at 12 months and 7 years was not as strong  (Grandjean et al. 1997).


 At seven years children received a physical examination including a functional neurological
examination which emphasized motor co-ordination and perceptual-motor performance.  Visual acuity
was measured using Snellen’s board; contrast sensitivity was assessed using the Functional Acuity
Contrast Test.  Standard hearing tests were done.  Neurophysiological tests included the following:
pattern-reversal visual evoked potentials; brainstem auditory evoked potentials; postural sway under four
conditions; and coefficient of variation for R-R intervals on electrocardiogram as a measure of autonomic
nervous system function.  Neuropsychological tests included these:  motor tests--the Neurobehavioral
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Evaluation System (NES) finger tapping test and the NES Hand-Eye Coordination test; tactile processing
-- Tactual Performance Test; vigilance/attention--NES Continuous Performance Test; attention and
tracking -- Wechsler Intelligence Scale for Children-revised (WISC-r) digit span forward;  reasoning and
cognitive flexibility--WISC-r similarities; visuospatial--WISC-r Block Designs and Bender Visual Motor
Gestalt Test; language--Boston Naming Test; memory--California Verbal Learning Test; and mood--
Nonverbal Analogue Profile of Mood States. 


Three neurological tests were found to be difficult for 7-year-old children; fewer than 60% of the
children performed optimally.  On one of these tests, finger opposition, the group of 465 with optimal
performance had a geometric mean cord blood  mercury of 21.8 µg/L of 21.8 by contrast to 23.9 µg/L for
the 425 children with questionable or deficient performance; this was a statistically significant
difference. The neurophysiological tests showed no indication of mercury-associated dysfunction.
Significant  negative  associations were seen on several neuropsychological tests.  Even with inclusion of
covariates with uncertain influence on these tests results, multiple regression analysis indicated that 9/20
measures showed mercury related decrements (p< 0.05, one tailed).  Application of a Peters-Belson
adjustment resulted in significant mercury associations for 11/20 measures.  


Pilot whale fat (blubber) is consumed in the Faroe Islands, and this could result in increased
exposure to PCBs.  PCB concentrations in Faroese breast milk has been shown to be higher than in other
Scandinavian countries (Grandjean et al. 1995b).  PCB determinations were done on a total of 436 cord
bloods, and PCB exposure was included as a covariate in the regression analyses.  This had an effect only
on the regression for the Boston Naming Test.  The authors concluded that in utero exposure to
methylmercury affects several domains of cerebral  function.  After exclusion of children with maternal
hair mercury concentrations above 10 ppm, the association between mercury exposure and
neuropsychological dysfunction remained unchanged. The authors, therefore, concluded that adverse
effects are observed at exposures below 10 ppm maternal hair (Grandjean et al. 1997).  


3.3.1.2 Animal Data


Rice (1989b) dosed five cynomolgus monkeys (Macaca fascicularis) from birth to 7 years of age
with 0.05 mg Hg/kg-day as methylmercuric chloride and performed clinical and neurologic examinations
during the dosing period and for an additional 6 years.  As a sensitive indicator of the latent effects of
methylmercury, neurologic examinations performed at the end of the observation period revealed
insensitivity to touch and loss of tactile response.  In the later stages of the observation period monkeys
dosed with methylmercury were clumsier and slower to react when placed in the exercise cage than were
unexposed monkeys.


Gunderson et al. (1986) administered daily doses of 0.04–0.06 mg Hg/kg as methylmercuric
hydroxide to 11 crab-eating macaques (Macaca fascicularis) throughout pregnancy, resulting in maternal
blood levels of 1080–1330 �g/L in mothers and 1410–1840 �g/L in the offspring.  When tested 35 days
after birth, the infants exhibited visual recognition deficits.


Groups of 7 or 8 female crab-eating macaques (Macaca fascicularis) were dosed with 0.05 or
0.09 mg/kg-day of methylmercury through 4 menstrual cycles (Burbacher et al. 1984).  They were mated
with untreated males, and clinical observations were made for an additional 4 months.  Two of 7 high-
dose females aborted, and 3 did not conceive during the 4-month mating period.  The other two females
delivered live infants.  Two of 7 females exposed to 0.05 mg/kg-day aborted; the remaining 5 females
delivered live infants.  All control females conceived, and 6 delivered live infants.  These reproductive
results approached but did not reach statistical significance.  Reproductive failure within dose groups
could be predicted by blood mercury levels.  The dams did not show clinical signs of methylmercury
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poisoning during the breeding period or gestation, but when females were dosed with 0.09 mg/kg-day for
a year, 4 of 7 did show adverse neurologic signs.


Bornhausen et al. (1980) has reported a decrease in operant behavior performance in 4-month-old
rats whose dams had received methylmercuric chloride on gestation days 6–9.  A statistically significant
effect was seen in offspring whose dams had received 0.01 and 0.05 mg/kg five times during gestation. 
The authors postulated that more severe effects of in utero exposure would be seen in humans since the
biological half-time of mercury in the brain of humans is 5 times longer than the rat.  In addition, much
longer in utero exposure to mercury would occur in humans since gestation is much longer.


Groups of Wistar rats (50/sex/group) were administered daily doses of 0.002, 0.01, 0.05, and
0.25 mg Hg/kg-day as methylmercuric chloride for 26 months (Munro et al. 1980).  Female rats that
received 0.25 mg/kg-day had reduced body weight gains and showed only minimal clinical signs of
neurotoxicity; however, male rats that received this dose did show overt clinical signs of neurotoxicity,
had decreased hemoglobin and hematocrit values, had reduced weight gains and showed increased
mortality.  Histopathologic examination of rats of both sexes receiving 0.25 mg/kg-day revealed
demyelination of dorsal nerve roots and peripheral nerves.  Males showed severe kidney damage, and
females had minimal renal damage.  This study showed a NOAEL of 0.05 mg/kg-day and a LOAEL of
0.25 mg/kg-day.


A 2-year feeding study of methylmercuric chloride was conducted in B6C3F1 mice
(60 mice/sex/group) at doses of 0, 0.4, 2, and 10 ppm (0, 0.03, 0.15, and 0.73 mg Hg/kg-day in males; 0,
0.02, 0.11, and 0.6 mg Hg/kg-day in females) to determine chronic toxicity and possible carcinogenic
effects (Mitsumori et al. 1990).  Mice were examined clinically during the study, and neurotoxic signs
characterized by posterior paralysis were observed in 33 males after 59 weeks and 3 females after 80
weeks in the 0.6-mg Hg/kg-day group.  A marked increase in mortality and a significant decrease in body
weight gain were also observed in the high-dose males, beginning at 60 weeks.  Post-mortem
examination revealed toxic encephalopathy consisting of neuronal necrosis of the brain and toxic
peripheral sensory neuropathy in both sexes of the high-dose group.  An increased incidence of chronic
nephropathy was observed in the 0.11- and 0.6-mg Hg/kg-day males.  These results indicated that
B6C3F1 mice are more sensitive to the neurotoxic effects of methylmercury than ICR mice.


Ultrastructural renal changes were also observed in rhesus monkeys treated with
0.08–0.12 mg/kg of methylmercury although clinical changes were not observed (Chen et al. 1983).


3.3.2 Cancer Data


3.3.2.1 Human Data


Three studies were identified that examined the relationship between methylmercury exposure
and cancer.  No persuasive evidence of increased carcinogenicity attributable to methylmercury exposure
was observed in any of the studies.  Interpretation of these studies, however, was limited by poor study
design and incomplete descriptions of methodology and/or results.


Tamashiro et al. (1984) evaluated the causes of death in 334 subjects from the Kumamoto
Prefecture who had been diagnosed with Minamata disease and died between 1970 and 1980.  Minamata
disease was used as a surrogate for methylmercury exposure.  The cases were fishermen and their
families who had been diagnosed with methylmercury poisoning (Minamata disease); thus, Minamata
disease was used as a surrogate for methylmercury exposure.  The controls were selected from all deaths
that had occurred in the same city or town as had the cases and were matched on the basis of sex, age at
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death (within 3 years) and year of death; two controls were matched to each case.  Malignant neoplasms
were designated as the underlying cause of death in 14.7% (49/334) of the cases and 20.1% (134/668) of
the controls.  For 47 cases in which Minamata disease was listed as the underlying cause of death, the
investigators reanalyzed the mortality data and selected one of the secondary causes to be the underlying
cause of death in order to allow examination of the cases and controls under similar conditions and
parameters.  The three cases for which Minamata disease was listed as the only cause of death were
excluded from further analysis.  Using the Mantel-Haenzel method to estimate odds ratios, no significant
differences were observed between the cases and controls with respect to the proportion of deaths due to
malignant neoplasms among males, females, or both sexes combined.  The estimated odds ratios and 95%
confidence intervals were 0.84 (0.49–1.43), 0.58 (0.28–1.21), and 0.75 (0.50–1.11) for males, females,
and both sexes combined.  Similarly, no increases were observed among the cases relative to the controls
when malignant neoplasms were identified as a secondary cause of death or were listed on death
certificates as one of multiple causes of death.  These data suggest that cancer incidence is not increased
in persons with overt signs of methylmercury poisoning when compared to persons for whom no
diagnosis of methylmercury poisoning had been made.  Interpretation is limited, however, by potential
bias in designating the cause of death among patients with known Minamata disease and by the
uncertainty regarding the extent of methylmercury exposure and undiagnosed Minamata disease among
the controls.


In a subsequent study, Tamashiro et al. (1986) compared the mortality patterns (between 1970
and 1981) among residents of Fukuro and Tsukinoura districts (inhabited mainly by fishermen and their
families) in the Kumamoto Prefecture with age-matched residents of Minamata city (also in the
Kumamoto Prefecture) who died between 1972 and 1978.  In this study, high exposure to methylmercury
was inferred from residence in a district believed to have higher intake of local seafood.  By contrast, in
the 1984 study described above, high methylmercury exposure was inferred from a diagnosis of
Minamata disease.  A total of 416 deaths were recorded in the Fukuro and Tsukinoura districts in
1970–1981, and 2,325 deaths were recorded in Minamata City in 1972–1978.  No statistically significant
increase in the overall cancer mortality rate was observed; however, an increase in the mortality rate due
to liver cancer was observed (SMR, 207.3; 95% C.I. 116.0–341.9).  Analysis of mortality by sex showed
a statistically significant increase in the rate of liver cancer only among males (SMR, 250.5; 95% C.I.
133.4–428.4).  Males also had statistically significantly higher mortality due to chronic liver disease and
cirrhosis.  The authors note that these results should be interpreted with caution because the population
of Fukuro and Tsukinoura districts had higher alcohol consumption and a higher prevalence of hepatitis
B (a predisposing factor for hepatocellular cancer).  Interpretation of these results is also limited by an
incomplete description of the methodology used to calculate the SMRs; it is unclear whether the study
authors used appropriate methods to compare mortality data collected over disparate time frames (i.e. 12
years for exposed and seven years for controls).


In a study from Poland, Janicki et al. (1987) reported a statistically significant (p<0.02) increase
in the mercury content of hair in leukemia patients (0.92 ± 1.44 ppm; n=47) relative to that in healthy
unrelated patients (0.49 ± 0.41 µg/g; n=79).  Similarly, the mercury content in the hair of a subgroup of
leukemia patients (0.69 ±0.75 µg/g; n=19) was significantly (p<0.05) greater than that in healthy
relatives who had shared the same residence for at least 3 years preceding the onset of the disease (0.43 ±
0.24 µg/g; n=52).  When patients with specific types of leukemia were compared with the healthy
unrelated subjects (0.49 ± 0.41 µg/g; n=79), only those with acute leukemia (type not specified; 1.24 ±
1.93 µg/g; n=23) had a significantly increased hair mercury content.  No significant differences in hair
mercury content were observed in 9 patients with chronic granulocytic leukemia or 15 patients with
chronic lymphocytic leukemia when compared to the unrelated, healthy controls.  This study is of limited
use for cancer risk assessment because of the following:  small size of population studied; inadequate
description of the leukemia patients or healthy controls (e.g., age distribution, length of residence in the
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region, criteria for inclusion in the study); uncertainty regarding the source of mercury exposure (the
authors presumed that exposure was the result of use of methylmercury-containing fungicides);
uncertainty regarding the correlation between the chronology of incorporation of mercury in the hair and
onset of the disease; and the failure to address exposure to other chemicals or adjust for other leukemia
risk factors.  Furthermore, the variability of hair mercury content was large, and the mean hair mercury
levels were within normal limits for all groups.  One cannot rule out the likelihood that the observed
correlation of leukemia incidence with mercury in hair is due to chance alone.


The carcinogenic effects of organomercury seed dressing exposure were investigated in a series
of case-control studies for incidence of soft-tissue sarcomas (Eriksson et al. 1981; Hardell and Eriksson,
1988; Eriksson et al. 1990) or malignant lymphomas (Hardell et al. 1981).  These studies were conducted
in Swedish populations exposed to phenoxyacetic acid herbicides or chlorophenols (the exposures of
primary interest in the studies), organomercury seed dressings, or other pesticides.  Exposure frequencies
were derived from questionnaires and/or interviews.  Control groups from the same region of the country
were matched to cases based on vital status.  There were 402 total cases of soft-tissue sarcoma, and
(among persons not exposed to phenoxyacetic acid herbicides) there were 128 cases of malignant
lymphoma.  In each study, the odds ratio for exposure to organomercury in seed dressings and sarcoma or
lymphoma was either less than 1.0, or the range of the 95% confidence interval for the odds ratio
included 1.0; therefore, no association was indicated for organomercury exposure and soft-tissue sarcoma
or malignant lymphoma.  The conclusions from these studies are limited, however, due to the study
subjects' likely exposures to the other pesticides and chemicals.


Table 3-52
Carcinogenic Effects of Methylmercury in Humans:  Epidemiological Studies


Species/ Exposure Dose
No. per Sex Duration (mg/kg-day) Effects/Limitations/BML Reference


Human/334 NS NS No increase in cancer mortality among Minamata exposure Tamashiro et al. 1984
exposed (M+F), victims (i.e., with overt methylmercury poisoning). 
668 control Minamata disease was used as a surrogate for


methylmercury exposure.
Limitations: Exposure levels or number of undiagnosed
cases among controls not known.


Human/412 NS NS Increased incidence of liver cancer in males living in the Tamashiro et al. 1986
exposed (M+F) vicinity of Minamata Bay.  


Limitations:  "Exposed" districts had higher alcohol
consumption and higher prevalence of hepatitis B.


Human/47 w/ NS NS Increased mercury in hair of leukemia patients; however, Janicki et al. 1987
leukemia (sex mean hair mercury levels in the leukemia patients was
not specified) within the normal range.
control 79 Limitations:  Small study population; source of


methylmercury exposure not clear; failure to address other
leukemia risk factors or exposure to other chemicals.
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3.3.2.2 Animal Data


The results from three dietary studies in two strains of mice indicate that methylmercury is
carcinogenic.  A fourth dietary study in mice, three dietary studies in rats and a dietary study in cats
failed to show carcinogenicity of methylmercury.  Interpretation of two of the positive studies was
complicated by observation of tumors only at doses that exceeded the MTD.  Interpretation of four non-
positive studies was limited because of deficiencies in study design or failure to achieve an MTD.


Methylmercuric chloride was administered in the diet at levels of 0, 0.4, 2, or 10 ppm (0, 0.03,
0.14 and 0.69 mg Hg/kg-day in males and 0, 0.03, 0.13, and 0.60 mg Hg/kg-day in females) to B6C3F1
mice (60/sex/group) for 104 weeks (Mitsumori et al. 1990).  In high-dose males, a marked increase in
mortality was observed after 60 weeks (data were presented graphically; statistical analyses not
performed).  Survival at study termination was approximately 50%, 60%, 60%, and 20% in control, low-,
mid-, and high-dose males, respectively, and 58%, 68%, 60%, and 60% in control, low-, mid-, and high-
dose females, respectively.  The cause of the high mortality was not reported.  At study termination, the
mean body weight in high-dose males was approximately 67% of controls and in high-dose females was
approximately 90% of controls (data presented graphically; statistical analyses not performed).  Focal
hyperplasia of the renal tubules was significantly (p<0.01) increased in high-dose males (14/60; the
incidence was 0/60 in all other groups).  The incidence of renal epithelial carcinomas (classified as solid
or cystic papillary type) was significantly (p<0.01) increased in high-dose males (13/60; the incidence
was 0/60 in all other groups).  The incidence of renal adenomas (classified as solid or tubular type) was
also significantly (p<0.05) increased in high-dose males; the incidence was 0/60, 0/60, 1/60, and 5/60 in
control, low-, mid-, and high-dose males, respectively, and 0/60, 0/60, 0/60, and 1/60 in control, low-, 
mid-, and high-dose females, respectively.  No metastases were seen in the animals.  The incidences of a
variety of nonneoplastic lesions were increased in the high-dose rats including these:  sensory
neuropathy, neuronal necrosis in the cerebrum, neuronal degeneration in the cerebellum, and chronic
nephropathy of the kidney.  Males exhibited tubular atrophy of the testis (1/60, 5/60, 2/60, and 54/60 in
control, low-, 
mid-, and high-dose, respectively) and ulceration of the glandular stomach (1/60, 1/60, 0/60, and 7/60 in
control, low-, mid-, and high-dose males, respectively).  An MTD was achieved in mid-dose males and
high-dose females.  High mortality in high-dose males indicated that the MTD was exceeded in this
group.


Mitsumori et al. (1981) administered 0, 15, or 30 ppm of methylmercuric chloride (99.3% pure)
in the diet (0, 1.6 and 3.1 mg Hg/kg-day) to ICR mice (60/sex/group) for 78 weeks.  Interim sacrifices of
up to 6/sex/group were conducted at weeks 26 and 52.  Kidneys were microscopically examined from all
animals that died or became moribund after week 53 or were killed at study termination.  Lungs from
mice with renal masses and renal lymph nodes showing gross abnormalities were also examined. 
Survival was decreased in a dose-related manner; at week 78 survival was 24/60, 6/60 and 0/60 in
control, low- and high-dose males, respectively, and 33/60, 18/60 and 0/60, in control, low- and high-
dose females, respectively (statistical analyses not performed).  The majority of high-dose mice (51/60
males and 59/60 females) died by week 26 of the study.  Examination of the kidneys of mice that died or
were sacrificed after 53 weeks showed a significant (p<0.001) increase in renal tumors in low-dose males
(13/16 versus 1/37 in controls).  The incidence of renal epithelial adenocarcinomas in control and low-
dose males was 0/37 and 11/16, respectively (p<0.001).  The incidence of renal epithelial adenomas in
control and low-dose males was 1/37 and 5/16, respectively (p<0.01).  No renal tumors were observed in
females in any group.  No metastases to the lung or renal lymph nodes were observed.  Evidence of
neurotoxicity and renal pathology was observed in the treated mice at both dose levels.  The high
mortality in both groups of treated males and in high-dose females indicated that the MTD was exceeded
in these groups.  
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A follow-up study to the Mitsumori et al. (1981) study was reported by Hirano et al. (1986). 
Methylmercuric chloride was administered in the diet to ICR mice (60/sex/group) at levels of 0, 0.4, 2, or
10 ppm (0, 0.03, 0.15, and 0.73 mg Hg/kg-day in males and 0, 0.02, 0.11, and 0.6 mg Hg/kg-day in
females) for 104 weeks.  Interim sacrifices (6/sex/group) were conducted at 26, 52, and 78 weeks. 
Complete histopathological examinations were performed on all animals found dead, killed in extremis,
or killed by design.  Mortality, group mean body weights and food consumption were comparable to
controls.  The first renal tumor was observed at 58 weeks in a high-dose male, and the incidence of renal
epithelial tumors (adenomas or adenocarcinomas) was significantly increased in high-dose males (1/32,
0/25, 0/29, and 13/26 in the control, low-, mid-, and high-dose groups, respectively).  Ten of the 13
tumors in high-dose males were adenocarcinomas.  These tumors were described as solid type or cystic
papillary types of adenocarcinomas.  No invading proliferation into the surrounding tissues was seen. 
The incidence of renal epithelial adenomas was not significantly increased in males, and no renal
adenomas or adenocarcinomas were observed in any females.  Focal hyperplasia of the tubular
epithelium was reported to be increased in high-dose males (13/59; other incidences not reported). 
Increases in nonneoplastic lesions in high-dose animals provided evidence that an MTD was exceeded. 
Nonneoplastic lesions reported as increased in treated males included the following:  epithelial
degeneration of the renal proximal tubules; cystic kidney; urinary cast and pelvic dilatation; and
decreased spermatogenesis.  Epithelial degeneration of the renal proximal tubules and degeneration or
fibrosis of the sciatic nerve were reported in high-dose females.


Table 3-53
Carcinogenic Effects of Methylmercury in Animals:  Oral Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/strain NS/ 25 2 yr 0, 0.004, 0.02, Tumors at comparable incidence in all groups Verschuuren et al.
M, 25 F ad lib in feed 0.1 Limitations:  Small sample size; failure to achieve MTD 1976


BML avg:   850 µg/L in blood at 0.004, 6,500 µg/L at
0.02, and 36,000-39,000 µg/L at 0.1


Rat/ 130 wk 0.011, 0.05, No increase in tumor incidence Mitsumori et al.
Sprague ad lib in FEFD 0.28 (M); 0.014, 1983, 1984
Dawley/56 M, 56 0.064, 0.34 (F)
F


Mice/Swiss/ weaning until 0, 0.19, 0.19- No increase in gross tumor incidence Schroeder and
54 M, 54 F death in 0.95 Limitation:  Histological examination not performed. Mitchener 1975


drinking water (MMA)


Mouse/ICR/ 78 wk ad lib 0, 1.6, 3.1 Increased incidence renal adenomas and adenocarcinomas Mitsumori et al. 1981
60 M, 60 F in feed in low-dose males.


Limitations:  Very poor survival in both male dose
groups.


Mouse/ICR/ 104 wk ad lib 0, 0.02, 0.03, Incidence of renal epithelial adenocarcinoma significantly Hirano et al. 1986
60 M, 60 F in feed 0.11, 0.15, increased in males at 0.73; not invasive.


0.6, 0.73 Limitations: MTD exceeded (including severe renal
damage in high-dose males)


Mouse/ 2 yr 0.03, 0.14, 0.69 Renal epithelial carcinomas and adenomas in males at Mitsumori et al. 1990
B6C3F1/ ad lib in feed (M); 0.03, 0.13, 0.69.
60 M, 60 F 0.6 (F) Limitation:  MTD exceeded in high-dose males.







Table 3-53 (continued)
Carcinogenic Effects of Methylmercury in Animals:  Oral Exposure


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference
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Mice/Swiss/ 15 wk ad lib 0, 0.03, 0.07, Number of lung adenomas/mouse and tumor size/mouse Blakley 1984
NS in drinking 0.27 increased with dose


water (MMC)


Cat/domestic/ 2 yr 0, 0.0084, 0.02, No increase in tumor incidence Charbonneau et al.
4-5 M, 4-5 F ad lib in feed 0.046, 0.074, Limitations:  Small group size, short exposure duration, 1976


0.176 no pathological data for 3 lowest doses.


No increase in tumor incidence was observed in a study using white Swiss mice (Schroeder and
Mitchener 1975).  Groups of mice (54/sex/group) were exposed from weaning until death to
methylmercuric acetate in the drinking water at two doses.  The low-dose group received 1 ppm
methylmercuric acetate (0.19 mg Hg/kg-day).  The high-dose group received 5 ppm methylmercuric
acetate (0.95 mg Hg/kg-day) for the first 70 days and then 1 ppm, thereafter, due to high mortality (21/54
males and 23/54 females died prior to the dose reduction).  Survival among the remaining mice was not
significantly different from controls.  Significant (p<0.001) reductions in body weight were reported in
high-dose males (9–15% lower than controls) and high-dose females (15–22% lower than controls)
between 2 and 6 months of age. Mice were weighed, dissected, gross tumors were detected, and some
sections were made of heart, lung, liver, kidney and spleen for microscopic examination.  No increase in
tumor incidence was observed.  This study is limited because complete histological examinations were
not performed, and pathology data other than tumor incidence were not reported.


Mitsumori et al. (1983, 1984) conducted a study in Sprague-Dawley rats.  They administered
diets containing 0, 0.4, 2, or 10 ppm of methylmercuric chloride (0, 0.011, 0.05, and 0.28 mg Hg/kg-day
in males; 0, 0.014, 0.064 and 0.34 mg Hg/kg-day in females) to Sprague-Dawley rats (56
animals/sex/group) for up to 130 weeks.  Interim sacrifices of 10/group (either sex) were conducted at
weeks 13 and 26 and of 6/group (either sex) at weeks 52 and 78.  Mortality was increased in high-dose
males and females.  At week 104, survival was approximately 55%, 45%, 75% and 10% in control, low-,
mid-, and high-dose males, respectively, and 70%, 75%, 75% and 30% in control, low-, mid-, and high-
dose females, respectively (data presented graphically).  Body weight gain was decreased in high-dose
animals (approximately 20–30%; data presented graphically).  No increase in tumor incidence was
observed in either males or females.  Noncarcinogenic lesions that were significantly increased (p< 0.05)
in high-dose rats included the following:  degeneration in peripheral nerves and the spinal cord (both
sexes); degeneration of the proximal tubular epithelium of the kidney (both sexes); severe chronic
nephropathy (females); parathyroid hyperplasia (both sexes); polyarteritis nodosa and calcification of the
abdominal arterial wall (females); bone fibrosis (females); bile duct hyperplasia (males); and
hemosiderosis and extramedullary hematopoiesis in the spleen (males).  In addition, mid-dose males
exhibited significantly increased degeneration of the kidney proximal tubular epithelium and hyperplasia
of the parathyroid.  An MTD was achieved in mid-dose males and in high-dose females; the MTD was
exceeded in high-dose males.


No increase in tumor incidence or decrease in tumor latency was observed in another study using
rats (strain not specified) (Verschuuren et al. 1976).  Groups of 25 female and 25 male rats were
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administered methylmercuric chloride at dietary levels of 0, 0.1, 0.5 and 2.5 ppm (0, 0.004, 0.02 and 0.1
mg Hg/kg-day) for 2 years.  No significant effects were observed on growth or food intake except for a
6% decrease (statistically significant) in body weight gain at 60 weeks in high-dose females.  Survival
was 72%, 68%, 48% and 48% in control, low-, mid- and high-dose males, respectively; and 76%, 60%,
64% and 56% in control, low-, mid- and high-dose females, respectively (statistical significance not
reported).  Increases in relative kidney weights were observed in both males and females at the highest
dose.  No effects on the nature or incidence of pathological lesions were observed, and tumors were
reported to have been observed with comparable incidence and latency among all of the groups.  This
study was limited by the small sample size and failure to achieve an MTD.


No tumor data were reported in a study using Wistar rats (Munro, 1980).  Groups of 50 Wistar
rats/sex/dose were fed diets containing methylmercury; doses of 2, 10, 50, and 250 micrograms Hg/kg-
day were fed for 26 months.  High-dose female rats exhibited reduced body weight gains and showed
minimal clinical signs of neurotoxicity; however, high-dose male rats showed overt clinical signs of
neurotoxicity, decreased hemoglobin and hematocrit values, reduced weight gains and significantly
increased mortality.  Histopathologic examination of the high-dose rats of both sexes revealed
demyelination of dorsal nerve roots and peripheral nerves.  Males showed severe dose-related kidney
damage, and females had minimal renal damage.


No increase in tumor incidence was observed in a multiple generation reproduction study using
Sprague-Dawley rats (Newberne et al. 1972).  Groups of rats (30/sex) were given semisynthetic diets
supplemented with either casein or a fish protein concentrate to yield dietary levels of 0.2 ppm
methylmercury (0.008 mg Hg/kg-day).  Another group of controls received untreated rat chow.  Rats that
received diets containing methylmercury during the 2-year study had body weights and hematology
comparable to controls.  Detailed histopathologic analyses revealed no lesions of the brain, liver, or
kidney that were attributable to the methylmercury exposure.  Mortality data were not presented. 
Interpretation of these data is limited by the somewhat small group sizes and failure to achieve an MTD.


No increase in tumor incidence was observed in a study using random-bred domestic cats
(Charbonneau et al. 1976).  Groups of cats (4–5/sex/group) were given doses of 0.0084, 0.020, 0.046,
0.074 or 0.176 mg Hg/kg-day either as methylmercury-contaminated seafood or as methylmercuric
chloride in the diet for up to two years.  Controls were estimated to have received 0.003 mg Hg/kg-day. 
Food consumption and body weight were not affected by treatment with methylmercury.  Due to
advanced signs of neurotoxicity (loss of balance, ataxia, impaired gait, impaired reflexes, weakness,
impaired sensory function, mood change and tremor), cats at the highest dose tested were sacrificed after
approximately 16 weeks, and cats at the next highest dose were sacrificed after approximately 54–57
weeks.  Cats at the next highest dose generally exhibited mild neurological impairment (altered hopping
reaction and hypalgesia).  One cat at this dose was sacrificed after 38 weeks because of neurotoxicity,
and one cat died of acute renal failure after 68 weeks.  Cats at the two highest doses had pathological
changes in the brain and spinal cord, but no histopathological changes were noted in other tissues
examined.  Interpretation of the results of this study is limited because of the small group sizes, early
sacrifice of cats at the two highest dose levels and no available data regarding pathological changes in
cats at the three lowest dose levels.  This study was also limited by its short duration when compared to
the lifespan of a cat.


Blakley (1984) administered methylmercuric chloride to female Swiss mice (number/group not
specified) in drinking water at concentrations of 0, 0.2, 0.5 or 2.0 mg/L for 15 weeks.  This corresponded
to approximately 0, 0.03, 0.07 and 0.27 mg Hg/kg-day.  At the end of week 3, a single dose of 1.5 mg/kg
of urethane was administered intraperitoneally to 16–20 mice/group.  No effects on weight gain or food
consumption were observed.  Lung tumor incidence in mice not administered urethane (number/group
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not specified) was less than 1 tumor/mouse in all groups.  Statistically significant trends for increases in
the number and size of lung adenomas/mouse with increasing methylmercury dose were observed; the
tumor number/mouse was 21.5, 19.4, 19.4 and 33.1 in control, low-, mid- and high-dose mice,
respectively, and the tumor size/mouse was 0.70, 0.73, 0.76 and 0.76 mm in control, low-, mid- and high-
dose mice, respectively.  The study authors suggest that the increase in tumor number and size may have
been related to immunosuppressive activity of methylmercury.  It should be noted that this is considered
a short term assay and that only pulmonary adenomas were evaluated.


3.3.3 Other Data


3.3.3.1 Death


Methylmercury is a potent toxin that causes impairment of the CNS and developmental toxicity
in humans.  Ingestion of methylmercury from treated seed grain or contaminated fish has resulted in
death.  An outbreak of methylmercury poisoning in Iraq caused deaths in people who consumed
methylmercury from bread made with grain treated with a fungicide (Al-Saleem and the Clinical
Committee on Mercury Poisoning 1976; Bakir et al. 1973).  The deaths were attributed to impaired CNS
function.  A syndrome known as Minamata disease has been characterized by nervous system impairment
following consumption of methylmercury-contaminated fish from Minamata Bay in Japan.  Symptoms of
Minamata disease include the following:  prickling; tingling sensation of extremities; impaired peripheral
vision, hearing, taste and smell; slurred speech; muscle weakness; irritability; memory loss; depression;
and sleeping difficulties (Kutsuna 1968; Takeuchi et al. 1962; Tsubaki and Takahashi 1986).  Deaths
from Minamata disease can be broken into two categories:  deaths occurring from the beginning of the
outbreak (1954) to 1969, and deaths occurring from 1970 to 1980 (Tamashiro et al. 1984).  Over half of
the deaths in the first group were attributed to Minamata disease and/or noninflammatory disease of the
central nervous system, or pneumonia, whereas deaths in the second group were attributed to
cerebrovascular disease with underlying Minamata disease.  The mean age at death for the first group
was 45.4 years for males and 26.4 years for females, and the mean age at death for the second group was
70.0 years for males and 72.7 years for females (Tamashiro et al. 1984).


Table 3-54
Lethality of Methylmercury in Humans:  Case Study of Oral Exposure


Species/ Exposure Dose
No. per Sex Duration (mg/kg-day) Effects/Limitations/BML Reference


Human/6,530 43-68 d 0.71-5.7 (est.) Of 6,350 cases admitted to hospitals, 459 died after eating Bakir et al. 1973
both sexes (feed) bread made from grain treated with methylmercury


fungicide
BML:  <100-5,000 µg/L in blood


Human/1,422 NS NS Of 1,422 patients from the Minamata disease outbreak in Tamashiro et al.
both sexes 1959, 378 died by 1980. 1984


Limitation:  exposure data limited
BML not reported


Very little information regarding death after inhalation exposure to methylmercury was located. 
One study reported a man who died after being exposed for three years to alkylmercury particles from
seed dressings (Hook et al. 1954).  Prior to death, the man experienced increased symptoms of
neurotoxicity.  A case study reported on the deaths of two women exposed to diethylmercury vapors for







3-74


3–5 months (Hill 1943).  Gastrointestinal effects and neurological symptoms occurred prior to deaths. 
No other human studies were located regarding death after inhalation exposure to methylmercury.


Table 3-55
Lethality of Methylmercury in Humans:  Case Studies of Inhalation Exposure


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/2 F 3-5 mo NS Death following exposure to diethylmercury vapors Hill 1943
(occup) Limitation:  Case study; concomitant dermal exposure likely;


limited exposure data
BML not reported


Human/1 M 3 yr NS Death following exposure to pesticide containing Hook et al. 1954
(occup) methylmercury


Limitations:  Case study; concomitant dermal exposure likely;
limited exposure data
Range: 500-640 µg/L in urine


Mice given a single oral dose of methylmercury had an increased incidence of death compared to
controls (Yasutake et al. 1991).  Male mice appear to be more sensitive to the effects of methylmercury
than females, possibly due to the effect of mercury on the male kidneys.  Mice exposed for 26 weeks to
3.1 mg Hg/kg-day as methylmercury in drinking water also showed an increase in mortality compared to
controls (51/60 males and 59/60 females of exposed group died versus 1/60 males and 1/60 females in
controls) (Mitsumori et al. 1981).  Longer studies (78 and 104 weeks) confirm that methylmercury causes
significantly increased mortality in mice compared to controls (Mitsumori et al. 1981, 1990).  No animal
studies were located on death after inhalation exposure to methylmercury.


Table 3-56
Lethality of Methylmercury in Animals


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Mouse/ICR/60 78 wk 0, 1.6, 3.1 51/60 males and 59/60 females receiving 3.1 mg/kg/d Mitsumori et al.
M, 60 F ad lib in feed (MMC) died by week 26, vs 7 males and 6 females at 1.6, and 1 1981


control males and 1 control female; death at 52 wk was
also elevated at 1.6
Limitation:  No statistical analysis
BML not reported


Mouse/ 104 wk 0, 0.03, 0.13, 50/60 males treated with 0.69 mg/kg/d died vs. 31/60 Mitsumori et al.
B6C3F /60 M, ad lib in feed 0.14, 0.60, 0.69 control males; survival of females and males at lower 19901


60 F (MMC) doses was unaffected
BML not reported







Table 3-56 (continued)
Lethality of Methylmercury in Animals


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference
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Mouse/ Once 4, 8, 16, 24, 32, 4/6 males died (LOAEL = 16); LOAEL for females was Yasutake et al. 1991
C57BL/6 M, 6 40 40 (4/6 died); no statistical analysis or LD  calculated
F Limitation:  small number of animals tested


50


BML:  2.45 µg/g in kidney of males at 16 mg/kg


3.3.3.2 Neurological


The nervous system is the primary target organ for methylmercury toxicity.  Information from the
large-scale poisonings in Japan (Niigata and Minamata) and Iraq provide substantial information
regarding the neurotoxicity of methylmercury in humans (Bakir et al. 1973, 1980; Berglund et al. 1971;
Harada 1978; Marsh et al. 1987; Rustam and Hamdi 1974).  In Japan, poisonings occurred between 1953
and 1960 when people consumed seafood that had been contaminated by methylmercury released by a
chemical plant into Minamata Bay and the Agano river near Niigata.  In Iraq, poisonings occurred in the
winter of 1971 to 1972 when people ate bread made from seed grain that had been treated with a
mercury-containing fungicide.  In all of these episodes, neurotoxicity was the most prominent effect
observed in the exposed populations.  In the Iraqi incident, more than 6000 patients were hospitalized,
and more than 500 deaths occurred, usually due to CNS failure.  


The least severely affected persons from the poisonings in Japan and Iraq experienced numbness
or tingling (paresthesia) of the extremities and/or perioral area.  Additional symptoms frequently
experienced by more severely affected individuals included the following:  ataxia (gait impairment
ranging from mild incoordination or unsteadiness to complete inability to walk); blurred vision;
constriction of visual fields (in extreme cases blindness); slurred speech; and hearing difficulties
(deafness in extreme cases).  Less frequently observed symptoms associated with the methylmercury
poisonings included tremors, muscular weakness, abnormal reflexes, increased muscle tone, and clouded
memory or stuperousness.  A long latent period (16–38 days in the Iraqi episode and up to several years
in the Japanese episodes) between exposure and onset of symptoms of neurotoxicity was observed.  The
cause for the latent period is unknown.  It is thought that latency may be related to cellular repair
mechanisms dealing with damage from lipid peroxidation.  At the point when repair processes are
overwhelmed tissue damage and accompanying symptoms become apparent.  The possible ameliorating
effect of selenium in the diet has also been hypothesized to play a part in latency.


Similar neurological symptoms have been observed in persons ingesting meat contaminated with
ethylmercuric chloride (Cinca et al. 1979).  Two boys who ultimately died from exposure exhibited
neurological signs including gait disturbance, ataxia, dysarthria, dysphagia, aphonia, hyperactive tendon
reflexes, hypotonia, mydriasis and agitation.  In the surviving members of the family, ataxia, gait
impairment, spasticity, drowsiness, intention tremor, agitation, speech difficulties and visual disturbances
were reported.  All effects except the narrowing of the visual fields disappeared after exposure
termination. 
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Histopathologic analyses of nervous system tissue taken from poisoning victims show neuronal
degeneration in the cerebrum and cerebellum (Bakir et al. 1980; Swedish Expert Group 1971; Takeuchi
et al. 1962).  In the cerebral cortex, the calcarine area was most regularly affected with varying degrees
of damage in the pre- and postcentral cortices, superior temporal gyrus, and basal ganglia.  In the
cerebellar cortex, granule cell loss predominated, but this was usually less severe than cerebral damage. 
An autopsy of two boys who ingested ethyl mercury contaminated meat revealed nerve cell loss and glial
proliferation in the cerebral cortex, demyelination, granule cell loss in the cerebellum, and motor neuron
loss in the ventral horns of the spinal cord (Cinca et al. 1979).  Less information is available regarding
the histopathology of peripheral nerve involvement, but sural nerves taken from two victims of the
Minamata episode showed evidence of peripheral nerve degeneration and regeneration (Miyakawa et al.
1976).  Fourteen Iraqi patients who developed ataxia and "pins and needles" and could not perform heel-
to-toe walk were examined for impaired peripheral nerve function (Von Burg and Rustam 1974a, 1974b). 
Determinations of motor and sensory conduction velocities, sensory threshold and latency, reflex of the
tibial nerve and myoneural transmission were performed, but there were no statistical significances
between exposed and unexposed control groups; the mean values of the experimental group, however,
were somewhat lower than those of the controls.  There was also no consistent correlation between
clinical or electrophysiological observation on the peripheral nervous system and blood mercury levels. 
In two patients who were hospitalized 10 days after ingestion of ethyl mercury-contaminated meat,
sensory nerve conduction velocity was decreased immediately after admission but was found to be
normal six months later (Cinca et al. 1979).
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Table 3-57
Neurotoxicity of Methylmercury in Humans:  Case Studies of Oral Exposure


Species/ Exposure Dose
No. per Sex Duration (mg/kg-day) Effects/Limitations/BML Reference


Human/14 NS NS Ataxia; impaired heel-to-toe walk; complaints of "pins and Von Burg and
cases needles".  Sensory and motor peripheral nerves were not Rustam 1974a,


affected.  Clinical and electrophysiological observations 1974b
did not correlate with blood concentration
Limitation:  Exposure concentration and duration not
known
BML:  blood Hg levels were 138-878 µg/L


Human/No. NS NS NS Paresthesia/numbness; constriction of visual field; Harada 1978
incoordination; difficulty speaking; tremor in consumers
of contaminated fish
Limitation:  Limited details reported
BML not reported


Human/2 M, 2 Once NS Gait disturbance, ataxia, dysarthria, speech difficulties, Cinca et al. 1979
F (ethyl mercury visual disturbances, hyperactive tendon reflexes,


chloride) mydriasis, agitation, coma; nerve degeneration in cerebral
cortex, cerebellum, and ventral horns of spinal cord;
decreased sensory nerve conduction velocity.  Ingestion of
ethyl mercury chloride-contaminated meat.
Limitation:  Exposure concentration not known
BML:  hair Hg levels of 152-542 µg/g


Human/6530 43-68 d 0.71-5.7 (est.) Paresthesia/numbness in extremities and perioral area; Bakir et al. 1973,
cases both ataxia; constriction of visual field or blindness; slurred 1980
sexes speech; hearing difficulties following ingestion of grain


contaminated with methylmercury.  Incidence and severity
of effect correlated with blood concentration
BML:  Total body burden �50 mg at time of onset


Human/81 F <5 mo NS Paresthesia and "other neurological symptoms" Marsh et al. 1987
(MMC) BML Range: 1-674 µg/g Hg in hair; one woman with 14


µg/g (maximum in strand) had paresthesia and a woman
with 10 µg/g had other symptoms.  However, others with
levels as high as 600 µg/g had no symptoms. (This is a
follow-up study to Bakir et al. 1980)


There are two case studies that report neurotoxicity in humans following inhalation of
methylmercury (Hook et al. 1954; Hunter et al. 1940); however, no quantitative data were available.  The
two studies described in Table 3-58 demonstrated the spectrum of neurotoxic effects that occur following
occupational exposure to methylmercury.  Weiss and Simon (1975) have suggested that such changes in
function in the general population, particularly at relatively low doses, may not be clinically detectable as
a loss of function but may be unmasked by the normal processes of aging.
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Table 3-58
Neurotoxicity of Methylmercury in Humans:  Case Studies of Inhalation Exposure


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitation/BML Reference3


Human/5 M 5 mo-2 yr NS Tingling of limbs; unsteady gait; difficulty performing fine Hunter et al. 1940
(occup) movements; constricted visual field following exposure to


methylmercury nitrate, methylmercury iodide, of
methylmercury phosphate in chemical factories
Limitations:  Case studies; concomitant dermal exposure and
exposure to other chemicals likely; limited exposure data
BML not reported


Human/1 M 3 yr NS Weakness in arms and legs; irregular EEG; sensory and speech Hook et al. 1954
(occup) disorders following exposure to pesticide containing


methylmercury
Limitations:  Case study; concomitant dermal exposure likely;
limited exposure data
BML Range:  500-640 µg/L in urine


As a result of the methylmercury poisonings in Japan and Iraq, substantial information on the
neurotoxicity of methylmercury has been generated from animal studies.  Relatively brief, high level
exposures in rats have been shown to cause characteristic signs of neurotoxicity (flailing and hindlimb
crossing when the animal is lifted by the tail) and neuronal degeneration in the cerebellum, cerebral
cortex and dorsal root ganglia (Inouye and Murakami 1975; Leyshon and Morgan 1991; Magos et al.
1985; Yip and Chang 1981).  As with humans there is a latency period; the effects frequently are not
observed or do not show maximal severity until several days after the cessation of dosing. In an acute
study, exposure of rats to a single gavage dose of 19.9 mg Hg/kg as methylmercuric chloride resulted in
impaired open-field tests such as decreases in standing upright, area traversed and activity compared to
the control group (Post et al. 1973).  Animals were lethargic and ataxic initially, but symptoms
disappeared within 3 hours.


Longer-term, lower-level exposures revealed that evidence of neuronal degeneration may be
observed prior to the onset of overt signs of toxicity.  Degeneration in the cerebellum was found in rats
given 10 mg Hg/kg as methylmercuric chloride once every 3 days for 15 days (Leyshon and Morgan
1991) while severe degenerative changes in the dorsal root fibers were observed in rats given 1.6 mg
Hg/kg-day as methylmercuric chloride for 8 weeks (Yip and Chang 1981).  Munro et al. (1980) observed
demyelination of dorsal nerve roots and damage in sciatic nerves with oral exposure to 0.25 mg Hg/kg-
day as methylmercuric chloride for up to 26 months.  In mice given 1.9 mg Hg/kg-day as methylmercury,
cerebellar lesions were observed as early as eight days after the start of dosing, but changes in motor
activity did not develop until 24 weeks of exposure (MacDonald and Harbison 1977).  Similarly, cats
receiving methylmercury in the diet for 11 months displayed degenerative changes in the cerebellum and
cerebral cortex, but incoordination or weakness was observed in only a small number of the animals with
histopathological changes (Chang et al. 1974).


The molecular basis for methylmercury neurotoxicity is likely to be complex and multifactorial. 
The broad affinity of mercury for -SH groups leads to membrane, enzyme and cytoplasmic organelle
interaction.  Major mechanistic pathways have been proposed to include the following:  inhibition of
macromolecular metabolism, especially that of protein translation and nucleic acid biogenesis; oxidative
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injury; disturbance in Ca  hemostasis; aberrant protein phosphorylation.  The mechanisms underlying2+


inhibition of protein and RNA synthesis are multiple.  Depending upon the systems used with in vitro, in
vivo or neuronal cell suspensions, evidence for inhibition of translation associated with a change in
ATP/ADP concentration has been found.  On the other hand, direct inhibition of elongation was
documented secondary to the selective inhibition of certain aminoacyl-tRNA synthetase (Cheung and
Verity, 1985).  Syversen (1977) investigated the effects of methylmercury on protein synthesis in rats
using techniques which allowed analysis of different cell populations from the central nervous system. 
Results of this study indicated selective irreversible damage to granule cells of the cerebellum, whereas
damage to the other neurons, such as Purkinje cells was reversible.  Such selectivity of toxicity is a
feature of the neuronal loss seen in human and experimental disease.  Methylmercury has also been
suggested to cause neuronal degeneration by promoting the formation of reactive oxygen species (Ali et
al. 1992; Le Bel et al. 1990, 1992; Verity and Sarafian 1991).  While contributory, such oxidative injury
does not appear primary to the site of toxicity as appropriate protective measures blocking oxidative
stress and lipoperoxide formation are only minimally cytoprotective.


A recent review by Atchison and Hard (1994) discusses several proposed mechanisms of action
of methylmercury on Ca  hemostasis and ion channel function.  Individual studies have demonstrated2+


that the neuromuscular actions of methylmercury occur predominantly at the presynaptic site (Atchison
et al. 1984).  Methylmercury may interfere with acetylcholine neurotransmitter release and subsequently
synaptic transmission (Atchison et al. 1986; Barrett et al. 1974; Schafer et al. 1990; Schafer and Atchison
1989, 1991).  Finally, Sarafian (1993) demonstrated that the methylmercury-induced stimulation of
protein phosphorylation in cerebellar granule cell culture is coupled to Ca  uptake, changed intracellular2+


Ca  hemostasis and inositol phosphate metabolism.  These latter observations invoke the activation of2+


the protein kinase C pathway.


Cats and monkeys appear to be more sensitive to the neurotoxic effects of methylmercury than
rodents.  Long-term studies in primates and in cats have shown neurological impairment at doses as low
as 0.05 mg Hg/kg-day.  In cats, mild impairment of motor activity and decreased pain sensitivity was
observed at 0.046 mg Hg/kg-day as methylmercury after 60 weeks of exposure (Charbonneau et al.
1976).  In cynomolgus monkeys given methylmercury from birth until approximately 7 years of age,
impairment of spatial visual function was observed after 3 years, and decreased fine motor performance,
touch and pinprick sensitivity and impaired high frequency hearing were observed six to seven years after
cessation of dosing (Rice 1989b; Rice and Gilbert 1982, 1992).  Exposure of cynomolgus monkeys to
0.03 mg Hg/kg-day as methylmercury for approximately 4 months caused no detectable changes in motor
activity or effects on vision or hearing, but degenerative changes were observed in neurons of the
calcarine cortex and sural nerve when these were examined electron microscopically (Sato and Ikuta
1975).  At higher doses (0.08 mg Hg/kg-day), slight tremor, motor incoordination and blindness were
observed in Macaca fascicularis monkeys after four months of exposure (Burbacher et al. 1988).


The developing organism is generally at higher risk of neurotoxicity than adults.  The section on
developmental effects of methylmercury lists studies wherein animals were observed with neurological
or neurobehavioral deficits as a consequence of in utero or perinatal methylmercury exposure.
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Table 3-59
Neurotoxicity of Methylmercury in Animals


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/Wistar/ 0–12 or 2, 4 Hindlimb crossing (LOAEL = 4) after 0–12 days Inouye and
10 F 12–20 d, 1x/d (MMC) BML not reported Murakami 1975


(gavage)


*


Rat/Wistar/ up to 26 mo 0.002, 0.01, Ruffled fur, loss of balance, hindlimb crossing, paralysis Munro et al. 1980
50 F, 50 M ad lib in feed 0.05, 0.25 (LOAEL = 0.25) after 6 mo (males more affected);


(MMC) demyelination of dorsal nerve roots and damage in teased*


sciatic nerves at 0.25
Avg. BML at 0.25: 115 ppm in blood


Rat/Charles 8 wk 0, 1.6 Degeneration of dorsal root fiber Yip and Chang 1981
River/6 M 7 d/wk (MMC) BML not reported


1 x/d
(gavage)


*


Rat/Wistar/24 5 d 8 Cerebellar granule cell and dorsal root ganglion cell Magos et al. 1985
M, 18 F 1 x/d (MMC) degeneration; flailing and hind leg crossing following


(gavage) administration of methylmercuric chloride


*


Limitations:  Only one level tested; no controls
Avg BML: 150,000 µg/L in blood


Rat/Wistar/15 5 x/15 d 0, 10 Granule cell degeneration in cerebellum Leyshon and
M (gavage) (MMC) BML:  60 µg/g dry cerebellar weight Morgan 1991*


Swiss origin 28 wk 1.9, 9.5 Ataxia; degenerative changes of Purkinje cells; granule MacDonald and
Mouse (ad lib (MMC) cell loss in cerebellum; (LOAEL = 1.9) Harbison 1977
M drinking BML not reported


water)


*


Cat/Breed 11 mo 0, 0.015 Degeneration of cerebellum and cerebral cortex; necrosis Chang et al. 1974
NS/15-16 both (ad lib in (MM) of dorsal root ganglia of kittens fed mercury-contaminated
sexes feed) tuna


BML not reported


Cat/Breed 2 yr 0.003, 0.008, Impaired hopping reaction; decreased pain sensitivity; Charbonneau et al.
NS/8-10 NS 7 d/wk 0.020, 0.046, degeneration of dorsal root ganglia (LOAEL = 0.046) 1976


(feed) 0.074, 0.176 Avg BML: 9,000 µg/L in blood at 0.046 mg/kg-day
(MMC)*


Monkey/ 36–132 d 0.02, 0.03, Atrophy of neurons in calcarine cortex; focal degeneration Sato and Ikuta 1975
Macaca 1 x/d 0.04, 0.07, 0.21 in sural nerves (LOAEL=0.03); ataxic gait, myoclonic
fascicularis/1-2 (feed) seizures at 0.21 mg/kg-day
both sexes Limitation:  small number of animals tested


BML:  Maximal at 0.03 mg/kg-day of 460 µg/L in blood
and 62 µg/g in hair


Monkey/ 90-270 d 1 for 5 doses, Tremor; visual impairment (LOAEL = 0.5 mg/kg) Evans et al. 1977
Macaca 1 x/wk then Limitations:  Small number of animals tested, limited
artoides, (gavage) 0.4, 0.5, 0.6 description of effects
Macaca Avg BML:  2,900 µg/L in blood
nemestrina/2
both sexes







Table 3-59 (continued)
Neurotoxicity of Methylmercury in Animals


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference
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Monkey/ 3-4 yr 0, 0.05 Spatial visual impairment Rice and Gilbert
Macaca 7 d/wk (MMC) Limitation:  One dose level tested 1982
fascicularis/5 1 x/d BML:  600-900 µg/L in blood
exposed, 2 (NS)
control (sex
NS)


*


Monkey/ �3 yr 0, 0.04, 0.06, Slight tremor; motor incoordination; blindness (LOAEL = Burbacher et al.
Macaca 1 x/d 0.08 0.04) following administration of methylmercury 1988
fascicularis/7-8 (oral route (MMC) hydroxide; time to onset was 177-395 d
F NS) Avg BML: 2,030 µg/L in blood at highest dose


*


Monkey/ 6.5-7 yr 0, 0.05 Six years after end of dosing (follow-up study to Rice and Rice 1989b; Rice
Macaca 7 d/wk (MMC) Gilbert 1982):  decreased fine motor performance; and Gilbert 1992
fascicularis/4 1 x/d diminished touch and pinprick sensitivity; impaired high
M, 1 F (capsule; frequency hearing (p<0.05)
exposed, 1 M, 2 gavage) Limitations:  small number of animals tested; one dose
F controls level tested


*


BML:  Not detectable at time of testing


MMC = methylmercuric chloride*


3.3.3.3 Renal


No studies were located regarding the renal toxicity of methylmercury in humans following oral
exposure.  Renal histopathology and decreased function have been observed following acute or chronic
oral exposure of rats and mice to methylmercury.  Renal tubule vacuolation was observed in rats
receiving 8 mg Hg/kg-day for 5 days (Magos et al. 1985), and decreased phenolsulfonphthalein excretion
occurred in male mice receiving a single dose of 16 mg Hg/kg-day or greater and females at 32 mg
Hg/kg-day or greater as methylmercuric chloride (Yasutake et al. 1991).  Chronic nephropathy, including
epithelial degeneration of proximal tubules and interstitial fibrosis, was observed at longer durations
(Fowler 1972; Hirano et al. 1986; Mitsumori et al. 1990).  Males were more sensitive than females to
renal effects (Mitsumori et al. 1990).
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Table 3-60
Renal Toxicity of Methylmercury in Animals


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/Wistar/3 12 wk 0, 0.08 (M) Cytoplasmic mass in proximal tubule cells Fowler 1972
M, 6 F ad lib in feed 0, 0.09 (F) Limitation:  Only one level tested; small number of treated
exposed/16 (MMC) animals
controls (sex BML not reported
NS)


Rat/Wistar/24 5 d 8 Renal tubule vacuolation and dilation Magos et al. 1985
M, 18 F 1 x/d Limitation:  One level tested, no controls


(gavage) Avg. BML:  150,000 µg/L in blood


Mouse/ICR/60 26 wk 0, 0.03, 0.15, Toxic epithelial degeneration of renal proximal tubules Hirano et al. 1986
M, 60 F ad lib in feed 0.72 (M); 0.02, (LOAEL = 0.62 F; 0.72 M)


0.11, 0.62 (F) BML not reported


Mouse/ 104 wk 0, 0.03, 0.14, Chronic nephropathy (epithelial cell degeneration, Mitsumori et al. 
B6C3F /60 M, ad lib in feed 0.68 (M); 0.03, regeneration of proximal tubules, interstitial fibrosis) in 19901


60 F 0.13, 0.6 (F) males at �0.14 and in females at 0.60 (p<0.01)
(MMC) BML not reported


Mouse/ Once 4, 8, 16, 24, 32, Decreased phenolsulfonphthalein excretion and increased Yasutake et al. 1991
C57BL/6 M, 6 (gavage) 40 (MMC) serum creatinine in males (LOAEL = 16 in males, 32 in
F females); swollen epithelial cells in proximal tubules


Limitation:  No statistical analysis; small number of
treated animals
BML:  2.45 µg/g in kidneys of males and 1.9 µg/g in
kidneys of females at 16 mg/kg


3.3.3.4 Cardiovascular


Only one study was located regarding the cardiovascular toxicity of methylmercury in humans. 
Hook et al. (1954) reported two men with elevated blood pressure after inhalation exposure to organic
mercury particulates from seed dressings.  Other neurotoxic effects were also present at the time of
examination, and one man subsequently died.
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Table 3-61
Cardiovascular Toxicity of Methylmercury in Humans:  Case Study


Species/ Exposure Dose
No. per Sex Duration (mg/m ) Effects/Limitations/BML Reference3


Human/1 M 3 yr NS Elevated blood pressure Hook et al. 1954
(occup) Limitations:  Case study; concomitant dermal exposure likely


BML Range:  500-640 µg/L in urine


Very little information was located regarding the effects of oral methylmercury exposure on the
cardiovascular system.  Rats given two daily doses of methylmercuric chloride exhibited decreases in
heart rates (Arito and Takahashi 1991).  Rats treated with methylmercuric chloride for one month had
increased systolic blood pressures beginning 42 days after cessation of dosing (Wakita 1987).  This effect
persisted for more than a year.


Table 3-62
Cardiovascular Toxicity of Methylmercury in Animals


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitation/BML Reference


Rat/Wistar/10 23-28 d 0.4, 1.2 Increased systolic pressure beginning 42 d after the end of Wakita 1987
(sex NS) 7 d/wk (MMC) treatment (p<0.05)


(gavage) BML not reported


Rat/Sprague- 2 d 12 Decreased heart rate (p<0.05) Arito and Takahashi
Dawley/5-6 1 x/d (MMC) Limitation:  Only one dose tested for this parameter 1991
(sex NS) (gavage) BML:  10 µg/g in brain


3.3.3.5 Gastrointestinal


No information was located regarding the gastrointestinal toxicity of methylmercury in humans. 
Only one study was located regarding the gastrointestinal toxicity of methylmercury following oral
exposure in animals.  Mitsumori et al. (1990) reported an increased incidence of stomach ulceration in
mice following a 2-year exposure to 0.69 mg Hg/kg-day as methylmercuric chloride in drinking water.
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Table 3-63
Gastrointestinal Toxicity of Methylmercury in Animals


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Mouse/ 104 wk 0, 0.03, 0.14, Stomach ulceration in males at 0.69 (p<0.05) Mitsumori et al.
B6C3F /60 M, ad lib in feed 0.69 (M); 0.03, BML not reported 19901


60 F 0.13, 0.6 (F)
(MMC)


3.3.3.6 Immunological


Suppression of the humoral and cellular immune responses have been observed in animals after
oral exposure to methylmercury or methylmercuric chloride.  Both decreases in the production of
antibody-producing cells and decreased antibody titre in response to inoculation with immune-
stimulating agents (such as sheep red blood cells) have been observed (Blakley et al. 1980; Koller et al.
1977; Ohi et al. 1976).  Decreases in natural killer T-cell activity have been observed in animals after
exposure to methylmercury (Ilback 1991).


Table 3-64
Immunotoxicity of Methylmercury in Animals


Species/
Strain/


No. per Sex per Exposure Dose
Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/Brown Norway/6 NS x/wk 0, 4.8 IgG deposits along the glomerular capillary wall of Bernaudin et al 1981
both sexes exposed/22 2 mo (MMC) the kidney, not in arteries, suggestive of an
both sexes/controls autoimmune disease; no effect seen in controls.


Limitation:  only one level tested
BML not reported


Mouse/ICR/6 M 5 d 0.27, 2.7 Decreased production of antibody-producing cells Ohi et al. 1976
1 x/d (MMC) (LOAEL = 2.7; p<0.01).
(gavage) Limitation:  small number of animals, only males


tested
BML not reported


Mouse/Swiss/8-10 M 3 wk 0.076, 0.3, 1.52 Decreased production of antibody-producing cells Blakley et al. 1980
ad lib in (MMC) and decreased antibody titer (LOAEL = 0.076;
drinking water p<0.01).


Limitation:  small number of animals, only males
tested
BML not reported







Table 3-64 (continued)
Immunotoxicity of Methylmercury in Animals


Species/
Strain/


No. per Sex per Exposure Dose
Group Duration (mg/kg-day) Effects/Limitations/BML Reference
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Mouse/Balb/c CUM/ 12 wk 0, 0.5 Reduced natural killer T-cell activity; decreased Ilback 1991
8 F ad lib in feed thymus weight and cell number (p<0.01).


Limitation:  small number of animals treated, only
females tested
BML not reported


Rabbit/New Zealand 14 wk 0.04, 0.4, 0.8 Decreased antibody titer (LOAEL = 0.4) (26% of Koller et al. 1977
white/10 M, 10 F 1 x/d (MMC) the animals at 0.4 and no controls died by wk 14).


in feed Limitations:  No statistical analysis
BML:  2,240 µg/L in blood at 0.4 mg/kg/d at wk
14


3.3.3.7 Dermal


Al-Mufti et al. (1976) studied the effects of methylmercury in humans who ate contaminated
bread; a correlation between bread consumption and a history of rash was reported.  No other information
was located regarding dermal effects of organic mercury following oral exposure. 


Table 3-65
Dermal Toxicity of Methylmercury in Humans:  Epidemiological Study


Species/ Exposure Dose
No. per Sex Duration (mg/kg-day) Effects/Limitations/BML Reference


Human/415 �1-3 mo NS "History of rash" in 14% of exposed group, compared with Al-Mufti et al. 1976
exposed/1012 (feed) (MMC) <1% of unexposed
controls (sex Limitations:  Effects poorly described; no statistical
NS) analysis


BML not reported


3.3.3.8 Developmental


Methylmercury readily crosses the placental barrier, and marked developmental toxicity has been
observed in both humans and animals after gestational exposures.  Infants exposed to methylmercury
through the mother's milk or during gestation had elevated blood mercury levels, as did their mothers
(Amin-Zaki et al. 1976).  Human data from epidemic poisonings that occurred in Japan (Harada 1978)
and Iraq (Amin-Zaki et al. 1974), as well as isolated exposures (Snyder and Seelinger 1976) indicate that
methylmercury predominantly affects the developing nervous system.  Infants born to mothers who
ingested fish contaminated with methylmercury from Minamata Bay in Japan between 1953 and 1960
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appeared normal at birth but within several months exhibited mental retardation, retention of primitive
reflexes, cerebellar symptoms, dysarthria, hyperkinesia, hypersalivation, strabismus and pyramidal
symptoms (Harada 1978).  Similarly, infants born to mothers who had ingested bread made with seed
grain treated with methylmercury-containing fungicides in Iraq during 1971 to 1972 exhibited symptoms
ranging from delays in speech and motor development to mental retardation, reflex abnormalities and
seizures (Amin-Zaki et al. 1974, 1978).  Histopathologic analyses of brain tissues from infants that died
in the Iraqi (Choi et al. 1978) and Minamata (Harada 1978) episodes showed atrophy and hypoplasia of
the cerebral cortex, corpus callosum and granule cell layer of the cerebellum; dysmyelination of the
pyramidal tracts; and/or abnormal neuronal cytoarchitecture characterized by ectopic cells and
disorganization of cellular layers.


A number of studies have attempted to evaluate developmental neurotoxicity in populations with
elevated methylmercury exposure from consumption of fish as a major component of the diet but for
whom massive poisonings have not been reported.  Kjellstrom et al. 1989) observed a higher incidence of
abnormal scoring on tests designed to assess intelligence and development among children from New
Zealand whose mothers had high levels of hair mercury.  Also a study by McKeown-Eyssen et al. (1983)
of a Cree population from northern Quebec revealed a correlation between maternal exposure (as
determined using hair levels) and abnormal muscle tone or reflexes in male children.  A dose-response
for this effect was not observed.  


Dose-response analyses of human data from the Iraqi epidemic of 1971 to 1972 have indicated
correlations between maximal maternal hair levels during pregnancy and the severity of the neurological
deficits seen in the children (Cox et al. 1989; Marsh et al. 1981, 1987).  An evaluation of a calculated
threshold for response is presented in Section 6.3.1 of this volume.


Table 3-66
Developmental Toxicity of Methylmercury in Humans:  Case Studies


Species/ Exposure Dose
No. per Sex Duration (mg/kg-day) Effects/Limitations/BML Reference


Human/8 M, 7 ~2 mo. NS Assessment of 15 mother-infant pairs where the mothers Amin-Zaki et al.
F infants (feed) ate grain treated with methylmercury fungicide during 1974


pregnancy.  Motor and mental development were impaired
(blindness, impaired hearing) in 6 infants; there were no
congenital malformations.
BML: Affected infants: ~3,000 µg/L in blood at 2 months;
Affected mothers: �400 µg/L in blood


Human/1 F 6 mo. NS Severe neurological impairment (blindness, myoclonic Snyder and
3 mo. seizures, spastic quadriparesis) of male infant born to a Seelinger 1976
postcoital- mother eating meat from pigs that had eaten grain treated
term with methylmercury fungicide.
(feed) Limitation:  Case report


BML not reported
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Table 3-67
Developmental Toxicity of Methylmercury in Humans:  Epidemiologic Studies


Species/ Exposure Dose
No. per Sex Duration (mg/kg-day) Effects/Limitations/BML Reference


Human/220 F NS NS Mental retardation, atrophy of brain and degeneration of Harada 1978
(food) cerebellum in offspring.  Of 220 infants born in Minamata


(to mothers eating contaminated fish), 13 had severe
symptoms; the number with less severe symptoms was not
reported.
Limitations:  Few details on methods or results
BML not reported


Human/84 few days to NS Assessment of mother-infant pairs where mothers ate grain Marsh et al. 1981
mother-child several mo. treated with methylmercury fungicide during pregnancy
pairs (food) (same Iraqi population as reported by Amin-Zaki et al.


1974).  Severe psychomotor retardation in infants.
BML Range: 37-293 µg/g in hair (maximum in segment of
maternal hair)


Human/243 Gestation and NS Abnormal tendon reflexes or muscle tone in male offspring McKeown-Eyssen et
exposed (sex lactation correlated with methylmercury exposure (p<0.05). al. 1983
NS) aged 12-30 (food) Conducted as a case-control study after potential affected
mo. measures were identified.


Limitation:  Author reported that the statistical method
could have led to an association by chance.
BML avg: 6 µg/g in maternal hair 


Human/81 few days to NS Assessment of mother-infant pairs where mothers ate grain Marsh et al. 1987
mother-child several mo. treated with methylmercury fungicide during pregnancy
pairs (food) (same Iraqi population as reported by Amin-Zaki et al.


1974).  Delayed walking and talking; seizures; mental
retardation.  
BML Range:  ~18-598 µg/g (maximum in strand) in hair
of mothers of affected infants


The developmental toxicity of oral exposure to methylmercury has been extensively studied in
animals.  In rodents exposed in utero, a spectrum of effects has been observed ranging from decreases in
fetal weight and skeletal ossification and increases in skeletal variations and malformations (brain
lesions, hydrocephalus, cleft palate, micrognathia, edema, subcutaneous bleeding, hydronephrosis,
hypoplasia of the kidneys, dilation of the renal pelvis) to increased resorptions and fetal deaths (Fuyuta et
al. 1978, 1979; Inouye and Kajiwara 1988a; Inouye and Murakami 1975; Khera and Tabacova 1973;
Nolen et al. 1972; Reuhl et al. 1981; Yasuda et al. 1985).  The severity of the effects generally increased
with dose, and the incidence of malformations increased with exposures that occurred later in gestation
(Fuyuta et al. 1978; Inouye and Murakami 1975).  Brain lesions have been observed in a variety of areas
including the brain mantle, corpus callosum, caudate putamen and cerebellum.  In guinea pigs, early
gestational exposures (weeks 3–5 of pregnancy) resulted primarily in developmental disturbances of the
brain (smaller brains, dilated lateral ventricles and reduced size of caudate putamen), whereas later
gestational exposures (>week 6 of pregnancy) resulted in widespread neuronal degeneration (Inouye and
Kajiwara 1988b).


In addition to structural changes, functional changes have been observed in animals after
gestational exposures.  Such functional effects include abnormal tail position during walking; flexion;
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hindlimb crossing; decreased locomotor activity, responding in an avoidance task and righting response;
increased passiveness, startle-response and sensitivity to pentylenetetrazol-induced convulsions; and
impaired maze performance, operant behavior, swimming behavior, tactile-kinesthetic function, visual
recognition memory, temporal discrimination, and subtle learning deficits such as insensitivity to
changing reinforcement contingencies (Bornhausen et al. 1980; Buelke-Sam et al. 1985; Burbacher et al.
1990; Elsner 1991; Geyer et al. 1985; Gunderson et al. 1988; Hughes and Annau 1976; Inouye et al.
1985; Musch et al. 1978; Olson and Boush 1975; Rice 1992; Rice and Gilbert 1990; Stoltenburg-
Didinger and Markwort 1990; Suter and Schon 1986; Newland et al. 1994).


Overt neurological impairment is the endpoint used to document methylmercury poisonings;
however, as shown in animal studies, methylmercury may produce more subtle neurodevelopmental
effects such as impairment of sensory or cognitive systems.  Schreiner et al. (1986) exposed rats to 0, 0.2
or 0.6 mg Hg/kg-day as methylmercuric chloride in utero and during lactation to evaluate pup
performance on visual discrimination reversal task.  While no overt signs of neurotoxicity were evident,
subtle differences between the control and high-dose group were observed during more difficult tasks.  A
stressful or highly demanding situation appears to be necessary for the expression of these sensory
effects, wherein the decreased ability to adapt to the altered conditions became manifest.  Spyker et al.
(1972) reported that although no signs of neurological toxicity was observed in mouse pups exposed to
methylmercury in utero, open field and swimming tests revealed subtle neurological effects in the
exposed pups.  Newland et al. (1994) administered methylmercury by gavage to pregnant squirrel
monkeys between weeks 11 and 14.5 of gestation.  Doses were adjusted to maintain 0.7 to 0.9 ppm Hg in
the maternal blood. There were three controls and three methylmercury-treated offspring.  Offspring
were evaluated at 5-6 on a lever pressing test which required discrimination between degrees of
reinforcement.  At steady state, monkeys exposed to methylmercury in utero were less sensitive to
differences in reinforcement rates.  When reinforcement rates changed, exposed animals either changed
their behavior slowly in response to the altered reinforcement or not at all.


The developmental toxicity of methylmercury may be attributable to the ability of
methylmercury to bind to sulfhydryl-rich tubulin (a protein component of microtubules) and cause its
depolymerization (Falconer et al. 1994; Sager et al. 1983).  Both cell division and cell migration require
intact microtubules for normal functioning.  Disruption of microtubule function could result in the
derangement of cell migration (Choi et al. 1978; Falconer et al. 1994; Matsumoto et al. 1965) and
arrested cell division (Reuhl et al. 1994; Sager et al. 1984).


Table 3-68
Developmental Toxicity of Methylmercury in Animals


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/Charles 9 d 0, 0.02, 0.2, 4 Increased number of fetuses with soft tissue variations of Nolen et al. 1972
River/20 F Gd 6-14 the urinary system and incomplete ossification or


ad lib in calcification (LOAEL = 4; p<0.05).
drinking BML not reported
water







Table 3-68 (continued)
Developmental Toxicity of Methylmercury in Animals


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


3-89


Rat/Wistar/35 F 52 d 0, 0.002, 0.01, Increased incidence of eye defects (in harderian and Khera and Tabacova
ad lib in feed 0.05, 0.25 lachrymal glands) and salivary glands in fetuses (LOAEL 1973


(MMC) = 0.25); significant dose response (p = 0.01).  Mothers
were treated from immaturity through weaning or later.
Limitations:  Incomplete reporting; of results
BML not reported


Rat/Wistar/10 F 8, 12, or 20 d 2, 4 Increased brain lesions and generalized edema Inouye and
1 x/d (MMC) (Gd 0-20) (LOAEL = 2). Murakami 1975
Gd 12-20, Limitations:  Limited data reporting; no statistical
0-12, or 0-20 analysis; small number of treated animals
(gavage) BML not reported


Rat/Holtzman/5 during gesta- 0, 2.5 Decreased visual evoked potential latencies for peaks N1 Zenick 1976
F tion, during (MMC) (p�0.05), P1 (p�0.01) and P2 (p�0.01) in 30-day old


lactation, or pups exposed during gestation, during lactation, or
postnatal during postnatal days 21-30.
days 21-30 in BML not reported
drinking
water


Rat/Charles 47 d prior to 0.42, 0.7, 1.4 Ultrastructural changes, dose-related decrease in Fowler and Woods
River CD/20 F and during (MMH) biochemical activity in mitochondria of fetal hepatocytes 1977


gestation (p<0.01) following administration of methylmercury
ad lib in hydroxide to mothers (LOAEL = 1.4).
drinking BML:  40 µg/g (organic and inorganic) in liver of fetuses
water at 1.4 mg/kg-day


Rat/Long- Once 0, 4 Increased P1-N1 amplitudes and decreased P2 and N2 Dyer et al. 1978
Evans/4 exposed, Gd 7 (MMC) latencies of cortically visual evoked potential (p<0.05).
6 control (gavage) BML not reported


Rat/Wistar/20 F 8 d 0, 2, 4, 6 At 6 mg/kg-day, decreased maternal weight gain, Fuyuta et al. 1978
1 x/d (MMC) increased resorptions and fetal deaths (p<0.001);
Gd 7-14 decreased fetal body weight increased skeletal and
(gavage) visceral malformations (hydrocephaly, wavy ribs).


(LOAEL = 4; p<0.01)
BML not reported


Rat/Wistar- 4 d 0, 0.04, 1.6 Impaired ability to perform operant conditioning Musch et al. 1978
Neuherberg/ Gd 6-9 (MMC) procedures (number of responses on lever required in
No. F. NS (gavage) specified period of time) (LOAEL = 0.05).


Limitation:  Statistical analyses not reported 
BML not reported


Rat/Wistar/10 F 4 d 0, 0.004, 0.008, Reduction in behavioral performance in offspring of Bornhausen et al.
1 x/d 0.035 treated mice following operant conditioning 1980
Gd 6-9 (MMC) (LOAEL = 0.008; p<0.01).
(gavage) BML not reported







Table 3-68 (continued)
Developmental Toxicity of Methylmercury in Animals


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference
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Rat/Sprague- Once 0, 6.3 Shorter avoidance latency in 60-day old offspring Cuomo et al. 1984
Dawley/No. F NS Gd 8 (MMC) (LOAEL = 6.3).


(gavage) BML not reported


Rat/Sprague- 10 d 0, 0.2, 1, 2, 4 Delayed sexual development (vaginal patency and testes Geyer et al. 1985
Dawley/No. F NS 1 x/d (MMC) descent), reduced pivoting, delayed surface righting,


Gd 6-15 partially retarded swimming development, increased
(gavage) activity in center of open field, impaired startle reflex


response.  Reduced maternal weight gain and litter
weight.  No live offspring were produced at 4 mg/kg-day
(LOAEL = 2; p<0.05).
BML not reported


Rat/Sprague- 4 d 0, 1.6, 4.8 Delayed vaginal patency, delayed surface righting, Vorhees 1985
Dawley/ 1 x/d (MMC) retarded swimming development, lower activity,
15-19 F Gd 6-9 impaired complex water maze performance.  Increased


(gavage) mortality of pups at 1-21 days of age (LOAEL = 4.8;
p<0.05).
BML not reported


Rat/Wistar/ during 0, 0.2, 0.6 Increase in response latency in male (p<0.05) and female Schreiner et al. 1986
38 M, 38 F gestation and (MMC) pups (p<0.01) and in passiveness (p<0.05) in visual


lactation ad discrimination reversal task at 0.6 mg/kg-day (LOAEL =
lib in 0.6).
drinking BML not reported
water


Rat/HAN- 13 days prior 0, 0.2, 0.6, 1.7 Reduced weight gain, ataxia and inability to give birth in Suter and Schon
Wistar/10 F to mating (MMC) dams at 1.7.  High mortality in pups at 1.7.  Impaired 1986


until post- swimming behavior and righting reflex, delayed sexual
natal day 21 maturity (vaginal opening and testes descent) at 0.2 and
in drinking 0.6.  (LOAEL = 0.2; p�0.05).
water BML = 9,700-191,000 µg/L in dams and 10,000-


127,000 µg/L in pups at birth


Rat/Wistar/No. F 4 d 0, 0.02, 0.04, Increased startle response; impaired swimming behavior, Stoltenburg-
NS 1 x/d 0.4, 4 decreased locomotor and nose-poking behavior; Didinger and


Gd 6-9 (MMC) alteration of dendritic spine morphology (LOAEL = 4). Markwort 1990
(gavage) Limitations:  Limited data reporting; no statistical


analysis
BML not reported


Rat/Wistar/16 F 2 wk prior to 0, 0.08-0.38, Impaired tactile-kinesthetic function (p�0.05) (LOAEL = Elsner 1991
mating 0.34-0.95 0.08-0.38).
through (MMC) BML not reported
weaning
ad lib in
drinking
water
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Developmental Toxicity of Methylmercury in Animals


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference
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Rat/Sprague- Once 0, 6.4 Increased GABA  receptors in prenatally exposed pups Guidetti et al. 1992
Dawley/No. and Gd 15 (MMC) sacrificed at 14 or 21 days postpartum; increased
sex NS (gavage) behavioral depression after diazepam.


A


Limitations:  Only one treatment level; no data on
number of animals
BML not reported


Mouse/SvSl/ Once 0, Impaired swimming ability and open-field behavior Spyker et al. 1972
No. F NS Gd 7 or 9 0.16 mg (p<0.05) in 30-day old pups.  Dose administered as


(i.p.) MMD/20 g methylmercury dicyandiamide (MMD)
BML not reported


Mouse/CFW/No. Once 0, 1, 2, 3, 5, 10 Increased number of trials to criterion (p<0.05) and Hughes and Annau
F NS Gd 8 (MMH) increased number that failed to attain criterion in 2-way 1976


(i.v.) avoidance test conducted on 56-day old pups (LOAEL =
3).
BML not reported


Mouse/ Once 0, 5, 7, 10 Longer center square latency at 10 (once) and 3.5 (3 d), Su and Okita 1976
129/Svsl/ Gd 10 decreased rearings and increased backings at 3.5;
No. F NS (s.c.) decreased locomotor activity at 7 and 10; postnatal


growth retardation at 7 and 10 (LOAEL = 7; p<0.05).
BML not reported


Mouse/C57BL/ 8 d 0, 2, 4, 4.8, 6 Increased resorptions and fetal deaths at 4.8 and 6 Fuyuta et al. 1978
10 F 1 x/d (MMC) (p<0.01); increased malformations (cleft palate, fused


Gd 6-13 vertebrae) at 2 and higher (p<0.05); increased skeletal
(gavage) variations; decreased maternal weight gain at 4.8 mg/kg-


day (LOAEL = 2).
Limitation:  small number of treated animals
BML not reported


Mouse/ Once 0, 8 Arrest of brain cells during mitosis (p<0.01). Rodier et al. 1984
DUB/ICR/8 F Gd 12 Limitations:  Only one dose tested; small number of
exposed, 7 F (gavage) animals tested
controls BML not reported


Mouse/ Once 0, 16 Decreased neonatal survival and weight gain; impaired Inouye et al. 1985
C3H/HeN/10 F Gd 13, 14, (MMC) righting response; decreased locomotor activity;


15, 16, or 17 abnormal gait; crossing of hindlimbs; decreased brain
(gavage) weight in groups treated on Gd 13 or 14 (p<0.01); dilated


lateral ventricles; slightly simplified cerebellar pattern. 
Effects were seen in groups dosed on all days, but
somewhat stronger in those treated on Gd 13 or 14.
Limitations:  Incomplete reporting of data; most
parameters were not analyzed statistically; only one dose
tested
BML:  ~20 µg/g in brain of fetuses
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Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


3-92


Guinea pig/ Once 9.4-15 Aborted litters and retarded fetal brain development at all Inouye and Kajiwara
Hartley/5-9 F Gd 21, 28, 7.5 mg/animal treatment times. 1988b


35, 42, or 49 (wt 500-800 g) Limitations:  No statistical analysis; small number of
(gavage) (MMC) treated animals, only 1 day of dosing


Avg BML over treatment time:  Fetal:  2,600 µ/L in
blood;  Maternal:  1,800 µg/g in blood


Hamster/ Once at 0, 1.6, 8 Degeneration of cerebellar neurons in rats born to Reuhl et al. 1981
Golden/10 F Gd 10, or (MMC) mothers treated with 1.6 mg/kg/d on Gd 10-15 or a


6 d single dose of 8 mg/kg on Gd 10 and sacrificed
1 x/d neonatally or as adults.
Gd 10-15 Limitation: small number of treated animals
(gavage) BML not reported


Monkey/Macaca approx. 1-3 0, 0.04, 0.06 Impaired visual recognition memory (data pooled from Gunderson et al.
fascicularis/9 F yr 1 x/d prior both groups of infants of exposed mothers) compared to 1988
exposed, 8 F to mating unexposed controls; test performed at 50-60 days of age.
control through Limitation:  small number of treatment animals


gestation (in BML Range: 880-2,450 µg/L in blood of infants at birth;
apple juice) 280-830 µg/L at testing


Monkey/Macaca approx. 4 mo 0, 0.04 Decrease in social play behavior and concomitant Gunderson et al.
fascicularis/ to 2 yr 1 x/d increase in nonsocial passive behavior compared to 1988
12 F exposed, 13 prior to unexposed controls; tests performed at 2 weeks to
F control mating 8 months of age.


through Limitation:  small number of treatment animals
gestation (in BML Range: 1,565 µg/L in blood of infants at birth
apple juice)


Monkey/Macaca 4-4.5 yr 0, 0.01, 0.025, Spatial visual impairment (LOAEL = 0.01). Rice and Gilbert
fascicularis/5 1 x/d in utero 0.5 Limitation:  Small number of infants (5 high-dose; 2 1990
mothers and (MMC) mid-dose; 1 low-dose)


postnatally BML not reported
(gavage)


Monkey/ 6.5-7 yr 0, 0.05 Six years after end of dosing (follow-up study to Rice Rice 1989b; Rice
Macaca 7 d/wk (MMC) and Gilbert 1982); decreased fine motor performance; and Gilbert 1992
fascicularis/4 M, 1 x/d diminished touch and pinprick sensitivity; impaired high
1 F exposed, 1 (capsule; frequency hearing (p<0.05).
M, 2 F controls gavage) Limitations: small number of animals tested; one dose


level tested
BML: Not detectable at time of dosing


Monkey/Macaca 4-4.5 yr 1xd 0, 0.01, 0.025, Monkeys tested as juveniles showed no gross intellectual Rice 1992.
fasicularis/13 in utero and or 0.05 impairment; some indication of decreased temporal
total postnatally discrimination.  BML in treated animals at birth


(gavage) averaged 0.46, 0.93, or 2.66 ppm; decreased to steady-
state of 0.20, 0.25 or 0.60 ppm.
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Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference
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Monkey/Macaca unspecified 0.04, 0.06, 0.08 No effect on spatial memory of adult offspring of Gilbert et al. 1993
fascicularis/23 F period prior animals treated with methylmercury hydroxide (data


to mating pooled from 24 animals, all treated groups).
through BML Range:  1,040-2,460 µg/L in blood of infants at
gestation birth


Monkey/Saimiri week 11 or 0.7 to 0.9 ppm Monkeys exposed in utero tested (on learned lever Newland et al. 1994
sciureus/3 F 14.5 until methylmercury pulling activity) at ages 5-6 yr.  Methylmercury


parturition in maternal treatment resulted in decreased sensitivity to degrees in
(gavage) blood reinforcement; change in reinforcement degree resulted


in either no behavior change or slow change by
comparison to controls. Limitations: small number of
animals tested; incomplete reporting on treatment.


3.3.3.9 Reproductive


Although no data were located regarding the reproductive effects of oral exposure to
methylmercury in humans, animal data suggest that, at sufficiently high doses, methylmercury may
adversely affect reproductive function in both males and females.  When male rats were given
methylmercury for several days prior to mating, mated females were observed with increased
preimplantation losses (Khera 1973).  Exposure of male monkeys to methylmercury for longer durations
has been shown to adversely affect sperm motility and speed and to result in increased incidences of
sperm tail defects (Mohamed et al. 1987).  Decreases in spermatogenesis and tubular atrophy of the testes
have been observed upon histopathological analyses of the testes of mice exposed to methylmercury
chronically (Hirano et al. 1986; Mitsumori et al. 1990).


Less information is available regarding the effects of methylmercury on female reproductive
function.  Exposure of female monkeys to methylmercury for 4 months prior to mating produced no
effects on the length of the menstrual cycle but resulted in decreased conceptions and increased early
abortions and stillbirths (Burbacher et al. 1988).  Several studies have shown increased rates of
resorptions and abortions after exposure during gestation (Fuyuta et al. 1978; Hughes and Annau 1976;
Inouye and Kajiwara 1988a); however, it is unclear from these studies whether the effects observed are
the result of maternal reproductive failure or fetal toxicity.
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Table 3-69
Reproductive Toxicity of Methylmercury in Animals


Species/
Strain/ Exposure Dose


No. per Sex per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Rat/Wistar/10-20 M 7 d 0, 1, 2.5, 5 Reduced mean litter size after male exposure Khera 1973
1 x/d (MMC) (LOAEL = 5; p<0.01) in sequential mating trials
(gavage) with unexposed females


BML not reported


Rat/Wistar/14-19 M 95-125 d 0.1, 0.5, 1 Males were mated to unexposed females concurrent Khera 1973
1 x/d (MMC) with dosing.  Reduced mean litter size (LOAEL =


0.5)
BML not reported


Mouse/Swiss Webster/10-20 5-7 d 0, 1, 2.5, 5 No effect on number of viable embryos, dead Khera 1973
M 1 x/d (MMC) embryos, or percent pregnancy (NOAEL = 5)


(gavage) BML not reported


Mouse/ICR/60 M, 60 F 104 wk 0, 0.03, 0.15, Significantly decreased spermatogenesis (LOAEL = Hirano et al.
ad lib in feed 0.72 (M); 0.02, 0.73; significance level not reported) 1986


0.11, 0.62 (F) BML not reported
(MMC)


Mouse/B6C3F /60 M, 60 F 104 wk 0, 0.03, 0.14, Tubular atrophy of the testes (LOAEL = 0.69; Mitsumori et1


ad lib in feed 0.68 (M); 0.03, p<0.01) al. 1990
0.13, BML not reported
0.6 (F)
(MMC)


Monkey/Macaca 20 wk 0, 0.047, 0.065 Decreased sperm motility and speed; increased Mohamed et
fascicularis/3 M 7 d/wk sperm tail defects (LOAEL = 0.065; p<0.05) al. 1987


1 x/d BML:  ~2200 µg/L in blood at 0.065 mg/kg-day,
(gavage) approaching steady state


Monkey/Macaca 4 mo prior to 0, 0.04, 0.06, Abortion; stillbirth; decreased conception in exposed Burbacher et
fascicularis/7-9 F mating 0.08 females (LOAEL = 0.06); no effect on menstrual al. 1988


1 x/d (MMH) cyclicity
(gavage) Avg. BML:  1,600 µg/L in blood at equilibrium at


0.06 mg/kg


3.3.3.10 Genotoxicity


Data from several studies in humans suggest that ingesting methylmercury may cause
chromosomal aberrations and sister chromatid exchange (Skerfving et al. 1970, 1974; Wulf et al. 1986;
Franchi et al. 1994).


A study of nine Swedish subjects who consumed mercury-contaminated fish and 4 controls
showed a statistically significant rank correlation between blood mercury and percentage of lymphocytes
with chromosome breaks (Skerfving et al. 1970). An extension of this study (Skerfving et al. 1974)
included 23 "exposed" (5 females and 18 males) and 16 "controls" (3 females and 13 males). The authors
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reported a significant correlation between blood mercury level and frequency of chromatid changes and
"unstable" chromosome aberrations; there was no correlation with "stable" chromosome aberrations.


The Wulf et al. (1988) study was of 92 Greenlander Eskimos. Subjects were divided into three
groups based on intake of seal meat (6 times/week; 2-5 times/week; once/week or no consumption of seal
meat).  Higher frequency of SCE in lymphocytes was correlated with blood mercury concentration; an
increase of 10 µg Hg/L in blood was associated with an increase of 0.3 SCE/cell.  Positive correlations
were also found for smoking, diet, living district and cadmium exposure.


Franchi et al. (1994) evaluated formation of micronuclei in peripheral blood lymphocytes of
Mediterranean fishers, a group with presumed high exposure to methylmercury.  Fifty-one subjects were
interviewed on age, number of seafood-based meals/week and habits such as smoking and alcohol
consumption.  Total blood mercury was measured; the range was 10.08 – 304.11 ng/g with a mean of
88.97 + 54.09 ng/g. There was a statistically significant correlation between blood mercury concentration
and micronucleus frequency and between age and micronucleus frequency.


Table 3-70
Genotoxicity of Methylmercury in Humans:  Case Study


Species/
No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Human/6 M, 3 >5 yr NS Correlation between blood mercury concentration and Skerfving et al. 1970
F exposed; 3 �3 x/wk chromosome breaks in lymphocytes cultured from people
M, 1 F control who ate mercury-contaminated fish


Limitation:  Small sample size; limited exposure data
BML Range:  4-650 µg/L in blood


Table 3-71
Genotoxicity of Methylmercury in Humans:  Epidemiology Study


Species/ Exposure Dose
No. per Sex Duration (mg/kg-day) Effects/Limitations/BML Reference


Human/24-63 NS NS Incidence of sister chromatid exchanges (SCEs) in Wulf et al. 1986
(both sexes) cultured peripheral lymphocytes correlated with intake of


seal meat in an Eskimo population (as a surrogate for
mercury intake); p = 0.001.  Other factors also correlated
with SCEs, but multiple regression analysis found that
some of the effect was attributable to mercury.
Limitation:  Limited exposure data
BML not reported
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Species/ Exposure Dose
No. per Sex Duration (mg/kg-day) Effects/Limitations/BML Reference
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Human / 51 M measured as NS Incidence of micronuclei positively correlated with blood Franchi et al. 1994.
seafood mercury concentration and with age.  No correlation with
meals/ week. smoking or number of seafood meals /week. Limitation:
Range 2 - 14. no control group.


BML range: 10.08 - 403.11 �g/g blood.


Human/18M 10.5 yr 0.15-0.44 Increased frequency of chromosomal breaks. Popescu et al. 1979
exposed/10 (occup) (HgCl Limitations:  Workers also exposed to mercuric chloride
control and one worker had history of benzene poisoning; control


2)


group was not matched for sex, smoking habits, or sample
size.
BML:  �890 �g/L in urine (avg)


In a study with cats (Charbonneau et al. 1976), methylmercury did not induce dose-related
unscheduled DNA synthesis in lymphocytes or chromosomal aberrations in bone marrow cells after oral
exposure to methylmercury for up to 39 months (Miller et al. 1979).  Statistically significant decreases in
unscheduled DNA synthesis and increases in chromosomal aberrations were observed, but there was no
dose-response.


Table 3-72
Genotoxicity of Methylmercury in Cats


Species/
Strain/


No. per Sex Exposure Dose
per Group Duration (mg/kg-day) Effects/Limitations/BML Reference


Cat/Breed and 39 mo 0.008, 0.020, No dose-related changes in unscheduled DNA synthesis in Miller et al. 1979
sex NS 7 d/wk 0.046 cultured lymphocytes or frequency of chromosomal


aberrations in bone marrow of cats fed mercury-
contaminated fish or a fish diet supplemented with
methylmercuric chloride
Limitations:  No positive control; no assessment of
cytotoxicity
BML Range: 500-13,500 µg/L Hg in blood


Strain-specific differences exist with respect to the ability of methylmercury to produce dominant
lethal effects in mice (Suter 1975).  When (SEC x C Bl)F  males were injected with 10 mg/kg57 1


methylmercury hydroxide, there was a slight reduction in the total number of implantations and a
decrease in the number of viable embryos.  This was not observed when (101 x C H)F  males were3 1
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exposed in a similar fashion.  When female (10 x C H)F  mice were treated with methylmercuric3 1


hydroxide, no increase in the incidence of dead implants was observed (unlike the case for mercuric
chloride).  Changes in chromosome number but no increase in chromosome aberrations were observed in
oocytes of Syrian hamsters treated with one i.p injection of 10 mg/kg methylmercuric chloride (Mailhes
1983).  Methylmercury was administered s.c. to golden hamsters at doses of 6.4 mg or 12.8 mg
Hg/kg/body weight.  Polyploidy and chromosomal aberrations were increased in bone marrow cells, but
there was no effect on metaphase II oocytes.  There was an inhibitory effect on ovulation which the
authors noted was not as severe as that induced by mercuric chloride in the same study  (Watanabe et al.
1982).  Non-dysjunction and sex-linked recessive lethal mutations were seen in Drosophila melanogaster
treated with methylmercury in the diet (Ramel 1972).


As reviewed in WHO (1990), methylmercury is not a potent mutagen but is capable of causing
chromosome damage in a variety of systems.  In vitro studies have generally shown clastogenic activity
but only weak mutagenic activity.  Methylmercuric chloride and dimethylmercury were both shown to
induce chromosome aberrations and aneuploidy in primary cultures of human lymphocytes;
methylmercuric chloride was the more potent clastogen at equally toxic doses (Betti et al. 1992).  Both
methylmercury and mercuric chloride induced a dose dependent increase in SCE in primary human
lymphocytes and muntjac fibroblasts; methylmercury was about five time more effective in this regard
(Verschaeve et al. 1984; Morimoto et al. 1982).


Methylmercury has been shown to inhibit nucleolus organizing activity in human lymphocytes
(Verschaeve et al. 1983).  Methylmercury can induce histone protein perturbations and has been reported
to interfere with gene expression in cultures of glioma cells (WHO 1990).  Impaired growth and
development was noted in cultured mouse embryonic tissue treated in vitro with methylmercuric
chloride, but there was no increase in SCE (Matsumoto and Spindle 1982).  Costa et al. (1991) showed
that methylmercuric chloride caused DNA strand breaks in both V79 and rat glioblastoma cells treated in
vitro. Methylmercuric chloride produced more strand breaks than did mercuric chloride.


Evidence of DNA damage has been observed in the Bacillus subtilis rec-assay (Kanematsu et al.
1980).  These authors reported negative results for methylmercury in spot tests for mutagenicity in the
following bacterial strains:  E. coli B/r WP2 and WP2; and Salmonella typhimurium strains TA1535,
TA1537, TA1538, TA98 and TA100.  Jenssen and Ramel (1980) in a review article indicated that
methylmercury acetate was negative in both micronucleus assays and in mutagenicity tests in Salmonella;
the article referred to Heddle, J.R. and W.R. Bruce (1977) and provided no experimental details.  Weak
mutagenic responses for methylmercuric chloride and methoxyethyl mercury chloride were observed in
Chinese hamster V79 cells at doses near the cytotoxic threshold (Fiskesjo 1979), and methylmercury
produced a slight increase in the frequency of chromosomal nondisjunction in Saccharomyces cerevisiae
(Nakai and Machida 1973).  Methylmercury, however, caused neither gene mutations nor recombination
in S. cerevisiae (Nakai and Machida 1973).  Methylmercury retarded DNA synthesis and produced single
strand breaks in DNA in L5178Y cells (Nakazawa et al. 1975).
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4. SUSCEPTIBLE POPULATIONS 


A susceptible population is a group who may experience more severe adverse effects at
comparable levels or adverse effects at lower exposure levels than the general population.  The greater
response of these sensitive subpopulations may be a result of a variety of intrinsic or extrinsic factors. 
Volume V describes populations that may be at increase risk because of higher exposure to mercury and
mercury compounds.  Additional factors that may be important include, but are not limited to, the
following:  an impaired ability of the detoxification, excretory, or compensatory processes in the body to
protect against or reduce toxicity; differences in physiological protective mechanisms (e.g., blood brain
barrier); or unique toxic reactions that are specific to the genetic makeup, developmental stage, health
status, gender or age of the individual.


The nervous and renal systems are the primary targets for mercury-induced toxicity.  Data are
also available indicating some effects to the respiratory, cardiovascular, gastrointestinal, hematologic,
immune, and reproductive systems.  The developing organism appears to be particularly sensitive to
methylmercury exposure.  In addition, it is probable that individuals with preexisting damage or disease
in target organs for mercury-induced toxicity may experience more severe effects upon exposure to
mercury.  The populations listed below may be highly susceptible to mercury toxicity.


� Developing Organisms.  Data from epidemic poisonings in Japan (Harada 1978) and Iraq
(Marsh et al. 1987) indicate that infants exposed in utero to methylmercury developed
marked neurological development delays while their mothers experienced little or no
overt signs of toxicity.  Data indicate that the developing fetus may be 5 to 10 times
more sensitive than the adult (Clarkson, 1992).  This difference in sensitivity is believed
to be due, in part, to the high sensitivity of developmental processes (i.e., cellular
division, differentiation, and migration) to disruption by mercury (Choi et al. 1978;
Sager et al. 1982).  One factor that may account for this difference in sensitivity is the
presence of an incomplete blood brain barrier in the fetus.  Another important factor may
be the lack of methylmercury excretion in the fetus (Grandjean et al. 1994).


� Age - Infants and Other Age Groups.  Available data indicate that neonates are at
increased risk to inorganic mercury and methylmercury.  Both inorganic and organic
forms of mercury are excreted in breast milk (Sundberg and Oskarsson 1992; Yoshida et
al. 1992; Grandjean et al. 1994); thus, neonates in an exposed population may experience
increased mercury exposure.  Animal data for rats indicate that suckling infants retain a
higher percentage of ingested inorganic mercury than do adults (Kostial et al. 1978). 
The most significant difference in organ retention (neonates > adults) was
methylmercury in the brain following exposure to methylmercury (Yang et al. 1973;
Kostial et al. 1978) and inorganic mercury retained in the kidney following exposure to
elemental mercury (Yoshida et al. 1992).  These differences may be associated with an
increased absorption of mercury with a milk diet, a decrease in excretion, or an
incomplete blood brain barrier (Kostial et al. 1978, Grandjean et al. 1994).


Signs of toxicity may begin to be manifested several years after the cessation of dosing,
possibly related to subclinical effects being unmasked by aging.  Rice (1989b) dosed
monkeys with methylmercury from birth to 6.5-7 years of age.  Although there were no
overt signs of neurotoxicity during dosing, neurological deficits were observed at 13
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years of age, 6-7 years following cessation of exposure.  Similarly, a small human
population with Minamata disease has been identified in Japan as experiencing new or
worsening neurological effects a few years following termination of mercury exposure. 
This late-onset Minamata disease may be related to several factors including aging (Igata
1993).


� Gender.  Sex-related differences in mercury toxicokinetics and sensitivity to mercury
have been observed, although data indicate that the more sensitive sex may differ by
species and strain.  Using death as the critical endpoint, in one strain of mice,
C57BL/6N, males were less sensitive to methylmercury following daily dosing than
females while, in contrast, male mice were more sensitive than females in another strain,
BALB/cA (Yasutake and Hirayama 1988).  In humans, although the ratio of males to
females with Minamata disease has been reported to be 1.2:1, the ratio of deaths was
recorded at 1.8:1 (Tamashiro et al. 1984).


Other studies are in general agreement that male rats (Thomas et al. 1986) and mice
(Nielsen and Andersen 1991a, 1991b) eliminate mercury faster and have lower tissue
levels than females following dosing with methylmercury.  Part of the difference in
whole-body retention of mercury in methylmercury-exposed mice has been associated
with varying degrees of deposition of mercury in the carcass, including the skin and hair
(Nielsen and Andersen 1991b).  This difference is thought to be due in part to
differences in glutathione metabolism and renal excretion of mercury, which is affected
by the hormonal status of testosterone (Nielsen et al. 1994).  Hirayama et al.  (1987)
have reported that the toxicokinetics of methylmercury in castrated male mice was very
similar to that in female mice, and that the male pattern of methylmercury toxicokinetics
could be restored by testosterone treatment.  Such differences were not observed in a
small set of similarly tested human volunteers (Miettinen et al. 1971).


� Dietary Insufficiencies of Zinc, Glutathione, or Antioxidants.  Mercury has been
suggested to cause tissue damage by increasing the formation of reactive oxygen species
and activation of lipoperoxidation, calcium-dependent proteolysis, endonuclease activity,
and phospholipid hydrolysis (Ali et al.  1992; LeBel et al. 1990, 1992; Gstraunthaler et
al. 1983; Verity and Sarafian 1991).  Zinc, glutathione, and antioxidant deficiencies
would be expected to exacerbate mercury-induced damage by limiting cellular defenses
against the oxidative processes.  Animal data support the importance of zinc,
glutathione, and antioxidants in limiting mercury-induced damage (Fukino et al. 1992;
Girardi and Elias 1991; Yamini and Sleight 1984) (see also Section 5, Interactions).


� Predisposition for Autoimmune Glomerulonephritis.  Autoimmune glomerulonephritis is
a form of renal toxicity characterized by proteinuria, deposition of immune material (i.e.,
autoantibodies and complement C3) in the renal mesangium and glomerular blood
vessels and glomerular cell hyperplasia (Bigazzi 1992; Goldman et al. 1991; Mathieson
1992).  Limited human data suggest that certain individuals may develop this
autoimmune response when exposed to inorganic or elemental mercury (Cardenas et al.
1993; Langworth et al. 1992b; Tubbs et al.  1982).  While the etiology of this syndrome
has not been completely elucidated, data from susceptible and resistant strains of animals
indicate that susceptibility is governed by both major histocompatibility complex (MHC)
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genes and non-MHC genes (Aten et al. 1991; Druet et al. 1978; Hultman and Enestrom
1992; Hultman et al. 1992; Michaelson et al. 1985; Sapin et al. 1984).


� Predisposition for Acrodynia.  Acrodynia, also known as "pink disease," is a
hypersensitive response following exposure to elemental or inorganic mercury and is
characterized by the following signs and symptoms:  irritability; marked mood swings;
restlessness; itching; flushing, swelling, and/or desquamation of the palms of the hands
and soles of the feet (the tip of the nose, ears, and cheeks may also be affected);
excessive perspiration; loss of appetite; tachycardia; hypertension; joint pains and
muscle weakness; photophobia; and sleeplessness.  Acrodynia, which is more likely
related to exposure level rather than any inherent, genetic sensitivity, rarely occurs in the
general population.


Limited reports indicate that acrodynia has been almost exclusively observed in children,
affecting approximately 1 in 500 exposed children (Blondell and Knott 1993; Warkany
and Hubbard 1953).  This disease was recently observed in a 4-year-old Michigan boy
who was exposed to mercury vapor released from paint in which mercury had been used
as a fungicide (Aronow et al. 1990).   In this case, family members (i.e., both parents and
two siblings) were also exposed to the mercury vapors but remained asymptomatic
(Aronow et al. 1990).  This case study supports the hypothesis that there is no genetic
predisposition to acrodynia.


Acrodynia was more frequently observed in the past when mercury-containing laxatives,
worming medications, teething powders and diaper rinses were widely used (Gotelli et
al. 1985; Warkany and Hubbard 1953).  The physiological basis for this hypersensitivity
has not been identified.  It does not appear, however, to be an allergic reaction to
mercury or to occur in the most highly exposed individuals (Warkany and Hubbard
1953).
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5. INTERACTIONS


A number of interactions have been identified for chemicals that affect the pharmacokinetics
and/or toxicity of mercury compounds.  Table 5-1 summarizes interactions in which potentiation or
protection from the toxic effects of mercury have been observed.  Interactions that affect mercury
toxicokinetics are also shown.  The effect on toxicity, however, can not be predicted based on changes in
distribution or excretion.  For example, zinc pretreatment increases renal mercury levels but decreases
toxicity because it alters the distribution within the kidney (Zalups and Cherian 1992).


Only the interaction of selenium with mercury will be discussed in detail here.  Selenium is
known to bioaccumulate in fish, so exposure to methylmercury in fish is associated with exposure to
increased levels of selenium.  Where the main source of dietary mercury is fish, the diet is naturally
enriched with selenium relative to mercury.  Increased selenium has been suspected of providing some
degree of protection, either by preventing oxidative damage or by forming a methylmercury-selenium
complex (Grandjean 1992a).  It does not appear that the population in the Iraqi poisoning incident was
selenium deficient.  Animal studies have demonstrated that simultaneous ingestion of selenium may be
protective against toxicity of methylmercury based upon its antioxidant properties (see Table 5-1).  This
may explain why the latent period in Japan, where the population was exposed to methylmercury in fish,
was longer than that in Iraqi, where the exposure was to methylmercury in grain.


A common association between the metabolism of selenium and methylmercury is the thiol-
containing peptide glutathione (GSH).  The metabolic cycling and oxidation-reduction of GSH are
integral processes coupled to the activation and metabolism of selenium (Hill and Burke 1982) and the
metabolism and detoxification of methylmercury (Ballatori and Clarkson 1982; Thomas and Smith
1982).


There are data to indicate that selenium co-administered with methylmercury can form selenium-
methylmercury complexes (Magos et al 1987).  The formation of these complexes appeared temporarily
to prevent methylmercury-induced tissue damage but also apparently delayed excretion of the
methylmercury in the urine.  Thus, formation of selenium-methylmercury complexes may not reduce
methylmercury toxicity but may rather delay the onset of symptoms.


In support of the protective role of biological selenium, several investigators have found that a
diet supplemented with seafood high in selenium delayed the onset of methylmercury intoxication in rats
(Ganther 1980; Ohi et al. 1976).  Ganther (1980) has observed that rats given selenium plus
methylmercury show increased body burdens of both selenium and methylmercury without signs of
toxicity.  The accumulation of these elements may lead to mutual detoxification, but such
coaccumulation is not always linked to protection.  Fair and associates (1985) have examined renal
ultrastructure changes along with changes in gamma glutamyl transferase activity in mice coadministered
both selenium and methylmercury in diet for 7 or 20 days or given a single i.p. dose.  The results of this
study indicated that dietary selenium had only an initial protective effect against mercury accumulation
in the kidney; injected selenium offered longer protection.


Selenium has been shown to protect against the developmental toxicity of methylmercury in mice
(Nishikido et al. 1987; Satoh et al. 1985) and protects against oxidative damage by free radicals (Cuvin-
Aralar and Furness 1991; DiSimplicio et al. 1993; Ganther 1978).  Further studies reported by
Fredricksson et al. (1993) indicated that dietary selenium supplementation during pregestation through
lactation in rats resulted in reduction of some adverse effects (hypoactivity) in neonates of the
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methylmercury administered to mothers by gavage during organogenesis period.  Significant increases in
glutathione peroxidase activity were noticed in animals fed selenium supplemented diet.


 Kosta et al. (1975) have observed a coaccumulation of mercury and selenium in the organs and
tissues of mineworkers at an approximate molar ratio of 1:1.  In these circumstances, the abnormally high
mercury levels detected in the tissues were without apparent adverse effects on the miners.  After
exposure to mercury in the mines, several of the miners had been retired 10–16 years when the study was
conducted.  The selenium intake from the diet was not reported but was said not to be abnormally high,
suggesting that the co-accumulation with mercury is a natural and autoprotective effect.  It is plausible
that in areas naturally low in selenium, individuals would be at greater risk from methylmercury
poisoning than those in areas of high selenium concentration.  


A group of 21 workers with no previous history of mercury exposure were monitored for urinary
mercury and selenium after their employment in the demolition of a chlor-alkali plant. Pre-exposure
urinary mercury ranged from 0.3 - 1.9 nmol/ mmol creatinine (mean = 0.8); urinary selenium was 13.9 -
89.5 (mean = 39.1).  Post-exposure urinary mercury was significantly increased; 1.2 - 10.0  nmol/ mmol
creatinine (mean = 4.8).  Selenium in the urine was decreased post exposure to 10.1 - 52.9 nmol/ mmol
creatinine (mean = 29.0). The authors did not speculate on the biological significance of the change in
urinary selenium. 


Co-administration of methylmercury and selenium  apparently results in decreased
methylmercury concentrations in kidney; mercury levels in brain and liver, however, are increased
(Suzuki and Yamamoto, 1984; Brzenicka and Chmielnicka, 1985; Komsta-Szumska et al., 1983). 
Selenium has  also been observed to increase methylmercury staining in spinal cord and nerve cell bodies
(Møller-Madsen and Danscher, 1991).  A positive correlation between brain mercury and selenium 
levels was observed in monkeys exposed to methylmercury with no additional exposure to selenium other
than that in a standard diet (Björkman et al., 1995).   The apparent protective effect of selenium against
overt high-dose methylmercury toxicity has been attributed to the decreased accumulation of
methylmercury in kidney in the presence of selenium (Stillings et al., 1974).  It is doubtful that this effect
on kidney is relevant at environmental levels of methylmercury.  It has also been suggested that the
formation of bis (methylmercury) selinide may render methylmercury less toxic (Naganuma and Imura,
1980), but there is no direct evidence for this.  In addition, although increased fish consumption was
associated with a very modest increase in (cord) blood selenium levels in a fish-eating population, the
blood mercury levels increased much more dramatically (Grandjean et al., 1992).  Grain may also
contain substantial levels of selenium, depending on the soil in which it is grown.  Based on the
questionable relevance of any protective effect of selenium against high-dose methylmercury
nephrotoxicity, the fact that increased selenium intake results in increased brain mercury levels following
methylmercury ingestion, and a complete lack of data on the selenium status of the Iraqi population
exposed to methylmercury via grain, there is no reason to postulate that ingestion of methylmercury in a
fish matrix would result in decreased toxicity compared to ingestion in a non-fish matrix.  Indeed, the
study in cats addressed this directly found no difference in toxicity or tissue levels when methylmercury
was administered as contaminated fish or added to a non-fish meal (Charbonneau et al., 1974).
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Table 5-1
Interactions of Mercury with Other Compounds


Compounds Effects Observed Proposed Underlying Mechanism(s) References


Diethylmaleate and Increased renal toxicity Diethylmaleate causes depletion of nonprotein Girardi and Elias
inorganic mercury sulfhydryls   1991


Ethanol and Potentiated toxicity Unknown; increased mercury concentrations were Rumbeiha et al.
methylmercury observed in brain and kidneys, but changes in   1992


Increased mortality, mercury content were insufficient to fully explain Tamashiro et al.
increased severity of the potentiated toxicity   1986
neurotoxicity, renal Turner et al. 1981
toxicity


Decreased time to onset of
neurotoxicity


Ethanol and elemental No data on toxicity Inhibition of oxidation of metallic mercury to Nielsen-Kudsk        
mercury mercuric mercury by catalase 1965


Decreased mercury Magos and Webb    
absorption The effect on toxicity can not be predicted, due to 1979


Increased mercury levels Dencker 1982,       
in liver and in fetus 1984b


the opposing effects. Khayat and            


Ethanol and inorganic No data on toxicity Elemental mercury was exhaled, suggesting that Dunn et al. 1981b
mercury ethanol increased the activity of an unidentified


Increased mercury enzyme that reduces mercuric mercury to
exhalation elemental mercury.


Because elemental mercury, but not mercuric
mercury, can cross the blood brain barrier and the
placenta, toxicity to the brain and the developing
fetus may be increased


Thiol compounds Protection from renal Competition for protein binding sites; subsequent Magos and Webb
[e.g., N- toxicity increases in urinary excretion of mercury 1979
acetylpenicillamine,
penicillamine, 2-
mercapto propanol
(BAL)] and inorganic
mercury


Selenium and mercury Increased survival Mercuric mercury and selenium form a complex Parizek and
(simultaneous exposure) with a high molecular weight protein   Ostadolva 1967


Decreased or delayed Satoh et al. 1985
renal, developmental Methylmercury forms a bismethylmercury Naganuma and
toxicity selenide complex   Imura 1981


Potential mechanisms for protection:   1980
   -redistribution from sensitive targets Cuvin-Aralar and
   -competition of selenium for mercury   Furness 1991
      binding sites associated with toxicity Imura and
   -increased selenium available for selenium-   Naganuma 1991
      dependent glutathione peroxidase Nylander and
      (prevention of oxidative damage)   Weiner 1991


Mengel and Karlog


Tellurium and elemental Decreased toxicity (effect Complexation of tellurium with mercury, by Magos and Webb    
or inorganic mercury unspecified) analogy to the chemically-related selenium 1979


Retention in body Khayat and             
increased Dencker 1984a
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Compounds Effects Observed Proposed Underlying Mechanism(s) References


5-4


Potassium dichromate Decreased renal function Unknown; both chemicals are toxic to the renal Baggett and Berndt
and inorganic mercury (measured as inhibition of proximal tubule 1984


p-aminohippurate
transport)


Zinc pre-treatment and Some protection from Zinc pretreatment induces metallothionein binding Zalups and
inorganic mercury nephrotoxicity of in kidneys    Cherian 1992


inorganic mercury
Mercury binds preferentially to metallothionein, so
that less mercury is available to cause oxidative
damage in the proximal tubules


Zinc-deficiency and Exacerbation of renal Zinc-deficiency and mercury both independently Fukino et al. 1992
inorganic mercury toxicity increase renal oxidative stress


Together, the protective mechanisms of the kidney
are overwhelmed and oxidative damage is
compounded


Atrazine and Early onset of Atrazine causes depletion of nonprotein Meydani and
methylmercury neurotoxicity sulfhydryls Hathcock 1984


Vitamin C deficiency Increased severity of Antioxidant properties of Vitamin C and Yamini and Sleight
and methylmercury neurological damage protection against oxidative damage caused by   1984


mercury


Vitamin E and Increased survival and Protection is possibly related to antioxidant Welsh 1979
methylmercury decreased toxicity properties of Vitamin E affording protection


against oxidative damage caused by mercury


Potassium dichromate Synergistic inhibition of Mercuric chloride and potassium dichromate are Baggett and Berndt
and mercuric chloride renal transport both toxic to renal proximal tubule 1984
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6. HAZARD IDENTIFICATION AND DOSE-RESPONSE ASSESSMENT


6.1 Background


Risk assessments done by U.S. EPA follow the paradigm established by the National Academy
of Sciences (NRC 1983).  This entails a series of interconnected steps including hazard identification,
dose response assessment, exposure assessment and risk characterization.  Two processes, hazard
identification and dose response are the focus of this chapter.  Volume IV of this Report presents the
assessment of exposure to mercury emissions in the atmosphere, and Volume VII covers the risk
characterization.


Hazard identification poses the following questions:  is the agent in question likely to pose a
hazard to human health; and what types of adverse effects could be expected as a consequence of the
exposure to the agent.  Dose-response assessment uses available human, experimental animal and in vitro
data to estimate the exposure level or dose which is expected to produce and adverse health effect.  In
accomplishing the aims of risk assessment U.S. EPA applies published Guidelines for Risk Assessment.


6.1.1 Hazard Identification


U.S. EPA has published Guidelines for hazard identification in three areas:  developmental
effects, germ cell mutagenicity, and carcinogenic effects.  Guidelines for assessment of reproductive
effects were finalized while this Report to Congress was in the process of review; these have not been
applied to the Mercury Study.  The specific categorizations for each of those endpoints described in
published guidelines are discussed below.  For general, systemic noncancer effects, there is no structured
process resulting in a categorization; instead, the hazard identification step is included in the
dose-response assessment process, wherein a critical effect is selected.


6.1.1.1 Developmental Effects


Guidelines for hazard identification in the area of developmental effects were developed by U.S.
EPA in 1986 and subsequently revised (U.S. EPA 1989, 1991).  The Guidelines direct that data from all
available relevant studies be considered, whether the studies indicate a potential hazard or not.  Preferred
data are from human studies, when available, and animal studies.  The revised guidelines do not use an
alphanumeric scheme such as that given in the carcinogenicity guidelines.  Instead two broad categories
are used to characterize the health-related data base:  Sufficient Evidence and Insufficient Evidence.  The
Guidelines define Sufficient Human Evidence as follows:


"...data from epidemiologic studies (e.g., case control and cohort) that provide
convincing evidence for the scientific community to judge that a causal relationship is or
is not supported.  A case series in conjunction with strong supporting evidence may also
be used".


Sufficient Experimental Animal Evidence/Limited Human Data is described in the following way:


"The minimum evidence necessary to judge that a potential hazard exists generally
would be data demonstrating an adverse developmental effect in a single, appropriate,
well-conducted study in a single experimental animal species.  The minimum evidence
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needed to judge that a potential hazard does not exist would include data from
appropriate, well-conducted laboratory animal studies (at least two) which evaluated a
variety of the potential manifestations of developmental toxicity, and showed no
developmental effects at doses that were minimally toxic to the adult."


6.1.1.2 Germ Cell Mutagenicity


The U.S. EPA (1986) has published Guidelines for classification of potential hazard of
mutagenic effects in human germ cells.  Evidence from human and animal in vivo and in vitro systems is
considered in the judgement as to which of eight numerical classes of concern most clearly defines the
data on an environmental agent.  In general, the hierarchy of preference for data type is the following:


� Data on germ cells are preferred to data on somatic cells;


� In vivo tests are preferred to in vitro;


� Data from tests in eukaryotes are preferred to data from prokaryotes.


The weight-of-evidence categories are these, presented in order of decreasing strength of evidence for
human germ cell mutagenicity.


1. Positive data derived from human germ cell mutagenicity studies.


2. Valid positive results from studies on heritable mutational events (any kind) in
mammalian germ cells.


3. Valid positive results from mammalian germ cell chromosome aberration studies that do
not include an intergeneration test.


4. Sufficient evidence for a chemical's interaction with mammalian germ cells, together
with valid positive mutagenicity test results from two assays systems, at least one of
which is mammalian.  The positive results may be both for gene mutations or both for
chromosome aberrations; if one is for gene mutations and the other for chromosome
aberrations, both must be from mammalian systems.


5. Suggestive evidence for a chemical's interaction with mammalian germ cells, together
with valid positive mutagenicity evidence from two assay systems as described under 4.


6. Positive mutagenicity test results of less strength than defined under 4, combined with
suggestive evidence for a chemical's interaction with mammalian germ cells.


7. Non-mutagenic.  Although definitive proof of non-mutagenicity is not possible, a
chemical could be classified operationally as a non-mutagen for human germ cells, if it
gives valid negative results for all endpoints of concern.


8. Not classifiable based on inadequate evidence bearing on either mutagenicity or
chemical interaction with mammalian germ cells.
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These categories are intended as guidance in assessing a level of concern for an agent’s
likelihood to be a germ cell mutagen.  The three forms of mercury are discussed in Section 6.2.2 in terms
of level of concern rather than an assigned numerical category.


6.1.1.3 Carcinogenic effects


U.S. EPA categorizes the carcinogenic potential of a chemical, based on the overall weight-of-
evidence, according to the following scheme.


Group A:  Human Carcinogen.  Sufficient evidence exists from epidemiology studies
to support a causal association between exposure to the chemical and human cancer.


Group B:  Probable Human Carcinogen.  There is sufficient evidence of
carcinogenicity in animals with limited (Group B1) or inadequate (Group B2) evidence
in humans.


Group C:  Possible Human Carcinogen.  There is limited evidence of carcinogenicity
in animals in the absence of human data.


Group D:  Not Classified as to Human Carcinogenicity.  There is inadequate human
and animal evidence of carcinogenicity or no data are available.


Group E:  Evidence of Noncarcinogenicity for Humans.  There is no evidence of
carcinogenicity in at least two adequate animal tests in different species or in both
adequate epidemiologic and animal studies.


For specific guidance as to the use of human, animal and supporting data in the above
categorization for cancer, consult the Risk Assessment Guidelines of 1986 (U.S. EPA 1987a).


U.S. EPA has been in the process of revising its Guidelines for cancer risk assessment.  The
revised Guidelines will implement the use of narrative categorization.  The new guidelines also
encourage greater use of mechanistic data, including information which can be gained from genetic
toxicology.  Data which elucidate the mode of action of an agent will also have a direct impact on the
dose response assessment for carcinogenicity.  In the past a default procedure for dose response
assessment was most often followed; that of linear low dose extrapolation using an upper bound on the
low dose term of a linearized multistage mathematical model.  The revised Guidelines dictate that the
type of low dose extrapolation to be used, if any, be guided by information on the carcinogen's mode of
action.  Evidence of genetic toxicity has now become key in making decisions about dose response
assessment.


While the Mercury Study Report to Congress was in preparation, revised Carcinogen Risk
Assessment Guidelines were published in the Federal Register.  As the approval process was not final, it
was necessary to apply the existing Guideline's alphanumeric categories; however, an expanded narrative
was done, and the weight of evidence judgement followed closely the revised format for expanded
consideration of mechanistic data.


An application of the proposed revisions to the Carcinogenic Risk Assessment Guidelines was
presented at the 1996 meeting of the Society for Risk Analysis (Schoeny 1996).  An abstract of that
presentation is given at the end of section 6.







RfD �


(NOAEL or LOAEL )
[Uncertainty Factor (s) x Modifying Factor ]


� mg/kg�day


RfC �


(NOAELHEC or LOAELHEC )


[Uncertainty Factor (s) x Modifying Factor ]
� mg/m 3
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6.1.2 Dose-response Assessment


6.1.2.1 Systemic Noncancer Effects


In the quantification of systemic noncarcinogenic effects, an oral reference dose (RfD), an
inhalation reference concentration (RfC) or both may be calculated.  The oral RfD and inhalation RfC are
estimates (with uncertainty spanning perhaps an order magnitude) of a daily exposure to the human
population (including sensitive subgroups) that is likely to be without an appreciable risk of deleterious
health effects during a lifetime.  The RfD and RfC are derived from a no-observed-adverse-effect level
(NOAEL), or lowest-observed-adverse-effect level (LOAEL), identified from a subchronic or chronic
study and divided by an uncertainty factor(s) times a modifying factor.  The RfD or RfC is calculated as
follows:


The methodologies used to derive the RfD or inhalation RfC require the adjustment of NOAEL
and LOAEL values (whether from experimental animal or human studies) to lifetime exposure
conditions (i.e., 24 hours per day for a lifetime of 70 years).  Inhalation RfC methods further require
conversion by dosimetric adjustment or the use of a physiologically-based pharmacokinetic model from
NOAELs and LOAELs observed in laboratory animal experiments to human equivalent concentrations
(HEC).  Different default adjustments are made based on whether the observed toxicity is in the upper or
lower respiratory tract or at remote sites, and a NOAEL  or LOAEL  is derived for use in the(HEC) (HEC)


equation above (U.S. EPA 1990).


Selection of the uncertainty factor (UF) to be employed in the calculation of the RfD/RfC is
based upon professional judgment which considers the entire data base of toxicologic effects for the
chemical.  In order to ensure that UFs are selected and applied in a consistent manner, the U.S. EPA
(1994) employs a modification to the guidelines proposed by the National Academy of Sciences (NAS
1977, 1980), as shown in the box on the next page.


As noted in the box, the standard UF for extrapolating from animals to humans has been reduced
to three for the derivation of inhalation RfCs.  A factor of three was chosen because, assuming the range
of the UF is distributed log normally, the reduction of a standard 10-fold UF by half (i.e. 10 ) results in0.5


three.  Other UFs can be reduced to three if the situation warrants, based on the scientific judgement of
the U.S. EPA RfD/RfC Work Group (an Agency peer review group).  Considerations in the selection of
UFs and/or a modifying factor include, but are not limited to, pharmacokinetics/pharmacodynamics,
concomitant exposures, relevance of the laboratory animal models, species sensitivity, severity of the
effect, potential for recovery, slope and shape of the dose-response curve, exposure uncertainties, quality
of the critical study, and data gaps.







DWEL �


(RfD) x (Body weight in kg)
Drinking Water Volume in L/day


� mg /L
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Uncertainty Factors Used in RfD/RfC Calculations


Standard Uncertainty Factors (UFs)


Use a 10-fold factor when extrapolating from valid experimental results from studies using prolonged
exposure to average healthy humans.  This factor is intended to account for the variation in sensitivity
among the members of the human population.  [10 ]H


Use an additional 10-fold factor when extrapolating from valid results of long-term studies on
experimental animals when results of studies of human exposure are not available or are inadequate.  This
factor is intended to account for the uncertainty in extrapolating animal data to risks for humans.  [10 ]  AA


3-fold uncertainty factor is used for extrapolating from inhalation studies on experimental animals to
humans for the derivation of an inhalation RfC.  This difference is because dosimetric adjustments reduce
the uncertainty associated with extrapolation between experimental animals and humans.


Use an additional 10-fold factor when extrapolating from less than chronic results on experimental
animals when there are no useful long-term human data.  This factor is intended to account for the
uncertainty in extrapolating from less than chronic NOAELs to chronic NOAELs.  [10 ]S


Use an additional 10-fold factor when deriving an RfD from a LOAEL instead of a NOAEL.  This factor
is intended to account for the uncertainty in extrapolating from LOAELs to NOAELs.  [10 ]L


Modif ying Factor (MF)


Use professional judgment to determine another uncertainty factor (MF) that is greater than zero and less
than or equal to 10.  The magnitude of the MF depends upon the professional assessment of scientific
uncertainties of the study and data base not explicitl y treated above, e.g., the completeness of the overall
data base and the number of species tested.  The default value for the MF is 1.


From the RfD, a Drinking Water Equivalent Level (DWEL) can be calculated.  The DWEL
represents a medium-specific (i.e., drinking water) lifetime exposure at which adverse, noncarcinogenic
health effects are not anticipated to occur.  The DWEL assumes 100% exposure from drinking water. 
The DWEL provides the noncarcinogenic health effects basis for establishing a drinking water standard. 
For ingestion data, the DWEL is derived as follows:


where:
Body weight = assumed to be 70 kg for an adult
Drinking water volume = assumed to be 2 L/day for an adult


6.1.2.2 Developmental Effects


For agents considered to have sufficient evidence for developmental toxicity it is appropriate to
consider calculation of a quantitative dose-response estimate.  In general, a threshold is assumed for the
dose-response curve for agents producing developmental toxicity. This is "based on the known capacity
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of the developing organism to compensate for or to repair a certain amount of damage at the cellular
level.  In addition, because of the multipotency of cells at certain stages of development, multiple insults
at the molecular or cellular level may be required to produce an effect on the whole organism" (U.S. EPA
1991).


Due to the paucity of human data, dose-response assessment of developmental toxicity is most
often done using animal data.  The assessment includes the identification of dose levels associated with
observed developmental effects as well as those doses which apparently produce no adverse effects.  The
critical effect is ascertained from the available data.  A critical effect is defined as the most sensitive
developmental effect from the most appropriate and/or sensitive mammalian species; LOAEL and
NOAEL determinations are then made.  The NOAEL is defined as "the highest dose at which there is no
statistically or biologically significant increase in the frequency of an adverse effect in any of the
possible manifestations of developmental toxicity when compared with the appropriate control group in a
data base characterized as having sufficient evidence for use in risk assessment" (U.S. EPA 1991).  The
LOAEL is defined in the following manner:  "The LOAEL is the lowest dose at which there is a
statistically or biologically significant increase in the frequency of adverse developmental effects when
compared with the appropriate control group in a data base characterized as having sufficient evidence".


Because of the limitations associated with the use of the NOAEL/LOAEL approach, U.S. EPA is
investigating the use of alternative methods employing more data in a dose-response assessment.  One
such approach is the estimation of a benchmark dose (BMD).  This approach is based on the use of a
mathematical model to derive an estimate of an incidence level (e.g., 1%, 5%, 10%, etc).  This is done by
applying a model to data in the observed range, selecting an incidence level at or near the observed range
(typically 10%), and then determining an upper confidence limit on the modeled curve.  The value of the
upper limit, for a 10% incidence, is then used to derive the BMD, which is the lower confidence limit on
dose for that incidence level.


The last step in dose-response assessment is the calculation of a reference dose or reference
concentration for developmental toxicity (RfD  or RfC ).  This is done by applying appropriateDT DT


uncertainty factors to the LOAEL, NOAEL, or BMD.  Uncertainty factors generally include the
following:


� 10 for interspecies variation (animal to human)
� 10 for intraspecies variation


Additional factors may be applied to account for other areas of uncertainty, such as identification
of a LOAEL in the absence of a NOAEL.  In this case, the factor may be as much as 10 fold, depending
on the sensitivity of the endpoints evaluated in the data base.  An uncertainty factor is generally not used
to account for duration of exposure when calculating the RfD .  If developmental toxicity is the criticalDT


effect for the chronic RfD, an additional uncertainty factor (for study duration) may be used.  Modifying
factors may be used to deal with the degree of confidence in the data base for the agent being evaluated. 
For a discussion of application of uncertainty factors to BMDs, see U.S. EPA (1991).


6.1.2.3 Germ Cell Mutagenicity


According to U.S. EPA (1986), a dose-response assessment of an agent's potential for human
germ cell mutagenicity can presently be done using only data from in vivo heritable germ cell tests.  This
will remain the case until such time as other assays are demonstrated to have an equivalent predictability
for human effects.  The usable tests are, thus, limited to the following:  morphological specific locus and
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biochemical specific locus assays; and heritable translocation tests.  Data from such assays are generated
from exposures much higher than those expected for humans as a consequence of environmental
exposure.  Estimation of extent of human risk is done by extrapolating the observed mutation frequency
or phenotypic effects downward to the expected human exposure range.  Available data and mechanistic
considerations are used in the choice of the dose-response model and extrapolation procedure.


6.1.2.4 Carcinogenic Effects


Mathematical models can be used, if data are sufficient, to calculate the estimated excess cancer
risk associated with either the ingestion or inhalation of the contaminant if toxicologic evidence leads to
the classification of the contaminant as one of the following: A, Known Human Carcinogen; B, Probable
Human Carcinogen; or C, Possible Human Carcinogen.  The data used in these estimates usually come
from lifetime exposure studies using animals.  In order to estimate the potential cancer risk for humans
from animal data, animal doses must be converted to equivalent human doses.  This conversion includes
correction for noncontinuous exposure for less-than-lifetime exposure studies and for differences in size. 
The factor to compensate for the size difference should be determined from appropriate experimental
data.  In the absence of such data, a default value should be used, such as the cube root of the ratio of the
animal and human body weights.  A default assumption is that the average adult human body weight is
70 kg, that the average water consumption of an adult human is 2 L of water per day, and that the
average adult breathes 20 m  of air per day.3


For contaminants with a carcinogenic potential, chemical levels are correlated with a
carcinogenic risk estimate by employing a cancer potency (unit risk) value together with the assumption
for lifetime exposure.  The cancer unit risk has generally been derived by assuming low dose linearity
and applying a mathematical model such as a linearized multistage model with a 95% upper confidence
limit.  Cancer risk estimates have also been calculated using other models such as the one-hit, Weibull,
logit and probit.  There is little basis in the current understanding of the biologic mechanisms involved in
cancer to suggest that any one of these models is able to predict risk more accurately than any other. 
Because each model is based upon differing assumptions, the estimates derived for each model can differ
by several orders of magnitude.


The scientific data base used to calculate and support the setting of cancer risk rate levels has an
inherent uncertainty that is due to the systematic and random errors in scientific measurement.  In most
cases, only studies using experimental animals have been performed.  Thus, there is uncertainty when the
data are extrapolated to humans.  When developing cancer risk rate levels, several other areas of
uncertainty exist, such as the incomplete knowledge concerning the health effects of contaminants in
environmental media, the impact of the experimental animal's age, sex and species, the nature of the
target organ system(s) examined and the actual rate of exposure of the internal targets in experimental
animals or humans.  Dose-response data usually are available only for high levels of exposure and not for
the lower levels of exposure closer to where a standard may be set.  When there is exposure to more than
one contaminant, additional uncertainty results from a lack of information about possible interactive
effects.


6.2 Hazard Identification for Mercury


Because there are no U.S. EPA guidelines for hazard identification of systemic noncancer
effects, this section does not include a discussion of systemic noncancer effects.
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6.2.1 Developmental Effects


6.2.1.1 Elemental Mercury


Data for developmental effects of elemental mercury are detailed in Section 3.1.3.11 (Tables 3-
25, 3-26 and 3-27).  Human studies are inconclusive.  The study by Mishinova et al. (1980) provided
insufficient experimental detail to permit evaluation of an exposure-response relationship.  Sikorski et al.
(1987) found an increase in reproductive failure among 57 dental professionals by comparison to
controls.  This reproductive failure (described as spontaneous abortions, stillbirths or congenital
malformations) was significantly correlated with exposure level.  Maternal toxic signs were not reported. 
The study was limited by the small population and the lack of description of the control group.  These
findings were not reproduced in Ericson and Kallen's 1989 study of 8157 infants born to dental
professionals in Sweden.  When compared to the general population, there was no increase in
malformations, abortions or stillbirths.  Exposure data were limited in this study.


There are four animal studies evaluating potential developmental effects associated with
exposure to elemental mercury.  In Baranski and Szymczyk (1973), female rats (strain not specified)
were exposed to 2.5 mg/m  mercury vapor for  6 to 8 weeks before fertilization or for 3 weeks prior to3


mating and on days 7�20 of gestation.  In the first experiment, mortality among pups was increased in
the exposed group, and there were changes in pup organ weights (decreased kidney and liver weight and
increased ovary weight).  In the second exposed group, mean number of live pups was decreased;
mortality among pups was 100% by day 6 post partum.  There were signs of frank toxicity in the dams
including spasms, tremors and death.  Information is taken from an English translation of this Polish
paper.


Steffek et al. (1987) is reported in abstract.  Rats (strain not specified) were exposed to 0.1, 0.5
or 1.0 mg/m  mercury for either the entire gestation period or for days 10�15.  No effects on resorption3


or gross abnormality were seen in the low-dose group.  Exposure to the mid and high doses for days
10�15 resulted in increased numbers of resorption (5/41 and 7/71, respectively; denominators are
presumed to be numbers of litters -- not specified in text); exposure for the entire gestational period
resulted in gross defects in 2/115 fetuses in the low dose and increased resorption (19/38) in the high
dose.  Maternal and fetal weight was decreased in the group exposed to 1.0 mg/m  for the entire gestation3


period.  No statistical analyses were reported in the abstract.


Two studies in rats focused on behavioral changes consequent to inhalation of elemental mercury
during development.  In the first, Danielsson et al. (1993) exposed pregnant Sprague-Dawley rats to
mercury vapor at 1.8 mg/m  for either 1 or 3 hours on gestation days 11�14 and 17�20.  There were no3


signs of toxicity in the dams and offspring of treated animals were no different from controls on the
following measures:  body weight; clinical signs; pinna unfolding; surface righting reflex development;
tooth eruption; and results of a negative geotaxis test at days 7, 8 or 9 post partum.  Male rats exposed in
utero were significantly hypoactive by comparison to controls at 3 months and hyperactive at 14 months. 
Exposed males were impaired in a test of habituation to novel environments and showed decreased
ability to learn a maze.  They were not different from controls in a circular swim test administered at 15
months of age.  Females were tested only in the spontaneous motor activity tests; treated females were no
different from controls on this measure.


These results were similar to those reported by Fredriksson et al. (1992).  In this instance rats
were exposed postnatally on days 11�17 of age to 0.05 mg Hg/m  for either 1 or 3 hours/day. High-dose3


rats showed increased activity (rearing) at 2 months but had decreased activity by comparison to controls
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at 4 months.  Low-dose rats were no different from controls at 2 months; at 4 months this group showed
increased total activity and decreased rearing.  In the spatial learning test administered at 6 months low-
dose rats showed increases in time to complete the task.  High-dose animals were observed to have
increases in both time to complete the task and in numbers of errors.  Data were not reported on gender
differences in behavior as a result of exposure to mercury vapor.


Both of these studies involved exposure during critical developmental periods, one pre-natal and
one post-natal prior to sexual maturity.  Both showed differences from controls (by ANOVA) on one of
four major manifestations of developmental effects listed in the Guidelines for Developmental Toxicity
Risk Assessment (U.S. EPA 1991); namely, functional deficits, in this case in locomotion and learning.
In the Danielsson et al. (1993) paper, these deficits were observed in male offspring in the absence of
maternal toxicity, which according to the Guidelines raises the level of concern. The studies suggest that
the observed effects are not reversible.  Latency to reach a platform in the circular swim maze was
significant in the high-dose group at 15 months but not at 7 months, and total activity was decreased in
the low-dose group and increased in the high-dose group at 14 months.


The Guidelines specify that for a judgement of Sufficient Experimental Animal
Evidence/Limited Human Data the minimum data set is the following:


" The minimum evidence necessary to judge that a potential hazard exists generally
would be data demonstrating an adverse developmental effect in a single, appropriate,
well conducted study in a single experimental animal species."


As the data set for elemental mercury consists of two appropriate studies albeit with minimal
group sizes and two incompletely reported studies suggestive of effect, the judgement of Sufficient
Experimental Animal Evidence/Limited Human Data is the most appropriate.


6.2.1.2 Inorganic Mercury


Data on developmental effects of mercuric chloride are found in Section 3.2.3.8 (Tables 3-46 and
3-47).  There is one study in mice of developmental effects of inhaled mercuric chloride and none in
humans.  Selypes et al. (1984) reported increases in delayed ossification and dead or resorbed fetuses as
a consequence of exposure of CFLP/N mice to 0.17 and 1.6 mg Hg/m  as mercuric chloride in an aerosol3


for 4 hours on days 9�12 of gestation.  There were no statistical analyses, reporting of blood mercury
levels or evaluation of maternal toxicity.


Developmental effects following oral exposure to methylmercury are reported in five oral studies
in rats and hamsters (Table 3-47).  McAnulty et al. (1982) is reported in abstract.  Oral (not further
specified) mercuric chloride was administered on days 6�15 of gestation at doses of 6, 9, 12, or 18 mg
Hg/kg-day.  This resulted in decreased fetal and placental weights in fetuses in the 6 mg/kg-day group
and malformation at the highest dose.  The authors concluded that inorganic mercury was a
developmental toxicant only at doses which were maternally toxic.


Rizzo and Furst (1972) treated Long Evans rats with 0 or 2 mg Hg/kg-day as mercuric oxide on
gestation days 5, 12 or 19.  Effects noted were growth retardation and inhibition of eye formation in the
group treated on day 5.  No statistical analyses were reported, nor were blood mercury levels given.


Pritchard et al. (1982a) reported in abstract results of treating rats (strain not specified) with
mercuric chloride at 3.0, 6.0 or 12.0 mg Hg/kg-day for about 32 days (gestation day 15 until 25 days
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postpartum).  Effects included decreased pup weight and weight gain with a LOAEL of 6.0.  In another
experiment reported in an abstract, Pritchard et al. (1982b) exposed female rats to mercuric chloride
doses of up to 18 mg Hg/kg-day before mating and during gestation.  High implantation loss was
observed with exposure to 9 mg Hg/kg-day and higher.  Embryonic and fetal development was reported
to be unaffected with doses up to 9 mg Hg/kg-day.  The abstracts presented insufficient details, and there
was no reporting of statistical analyses.


Gale (1974) gavaged female hamsters (10/group) on gestation day 8 with mercuric acetate at the
following doses:  2.5, 5.0, 16.0, 22.0, 32.0, 47.0, or 63.0 mg Hg/kg-day.  There were 3 control animals. 
A variety of malformations and growth effects were noted in animals treated with 16 mg/kg-day or
higher.  The authors also treated hamsters via other routes.  Their evaluation of efficacy in production of
fetal effects was i.p. > i.v. > s.c. > oral.  Maternal toxicity included weight loss, diarrhea, slight tremor,
somnolence, tubular necrosis and hepatocellular necrosis (dose levels not specified).  There was
insufficient detail reported for determination of a NOAEL for dams.


In addition to studies of oral or inhalation administration of inorganic mercury there are several
studies which indicate that mercury salts cause developmental toxicity when delivered i.p., s.c. or i.v.
routes (Bernard et al. 1992; Gale and Ferm 1971; Gale 1974, 1981; Kajiwara and Inouye 1986, 1992;
Kavlock et al. 1993).  In Gale (1981), wherein exposure was of six strains of hamster to mercuric acetate,
s.c., there was no description of maternal toxicity.  In Kavlock et al. (1993) (s.c., rats, mercuric acetate)
fetal effects were noted at doses above the lowest observed maternally toxic dose.  Kajiwara and Inouye
(1986) reported their opinion that in mice injected i.v. with mercuric chloride, fetal toxicity was related
to maternal toxicity. In their 1992 study, there was no determination whether implantation loss in
mercuric chloride exposed dams was due to fetal toxicity or to maternal uterine dysfunction.  The effects
reported by Bernard et al. (1992) can be better characterized as a transitory nephrotic effect rather than a
developmental deficit.


Each of these studies is limited in its usefulness for assessment of the risk of inorganic mercury
to cause human developmental toxicity.  The data base as a whole suggests an effect of inorganic
mercury at doses as low as 2 mg Hg/kg-day.  The data, however, are considered insufficient for risk
assessment based on any single study or on the database as a whole (Insufficient Evidence, in the
language of the Guidelines).


6.2.1.3 Methylmercury


Data for developmental effects of methylmercury are presented in Section 3.3.3.8 (Tables 3-66,
3-67 and 3-68); studies are primarily by the oral route and none by the inhalation route.  Human studies
of developmental effects include evaluation of children born to mothers exposed to contaminated grain in
Iraq (Amin-Zaki et al. 1976; Marsh et al. 1981, 1987) and contaminated fish in Japan (Harada 1978). 
Effects noted in the Iraqi children included delays in speech and motor development, mental retardation,
reflex abnormalities and seizures.  Infants born to mothers ingesting fish from the contaminated
Minamata Bay in Japan appeared normal at birth.  Within several months, however, the following effects
were noted:  mental retardation, retention of primitive reflexes, cerebellar symptoms, dysarthria,
hyperkinesia, hypersalivation, strabismus and pyramidal symptoms.  Histologic examination of brain
tissues of infants from both populations showed a number of signs of pathology.  Kjellstrom et al.
(1989), in a study of a population in New Zealand, has observed an inverse correlation between IQ in
children and hair mercury levels in their mothers.  In a group of Cree Indians in Quebec, maternal hair
mercury level was correlated with abnormal muscle tone in male children (McKeown-Eyssen et al.
1983).
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Numerous animal studies have demonstrated a variety of developmental effects occurring in rats,
mice and monkeys exposed orally to methylmercury and are presented in Chapter 3 (Table 3-68). 
Developmental effects have been observed in offspring of rats of three strains treated orally with
methylmercury.  Developmental effects have also been seen in two strains of mice as well as in guinea
pigs, hamsters and monkeys.


In rodents exposed in utero, decreased fetal weight and increased fetal malformations and deaths
have been reported (Fuyuta et al. 1978, 1979; Inouye and Kajiwara 1988a; Inouye and Murakami 1975;
Khera and Tabacova 1973; Nolen et al. 1972; Reuhl et al. 1981; Yasuda et al. 1985). 


Methylmercury exposure during gestation as well as during the lactation period produces
neurodevelopmental effects (structural and functional alterations) in the exposed pups.  Structural effects
include lesions in the brain mantle, corpus callosum, caudate putamen, and cerebellum.  In guinea pigs,
early gestational exposures (weeks 3�5 of pregnancy) resulted primarily in developmental disturbances
of the brain (smaller brains, dilated lateral ventricles, and reduced size of caudate putamen), whereas
later gestational exposures (>week 6 of pregnancy) resulted in widespread neuronal degeneration (Inouye
and Kajiwara 1988b).  Functional changes include abnormal tail position during walking, flexion,
hindlimb crossing, decreased locomotor activity, increased passiveness and startle-response, impaired
maze performance, operant behavior, swimming behavior, tactile-kinesthetic function, visual recognition
memory, and temporal discrimination (Bornhausen et al. 1980; Buelke-Sam et al. 1985; Burbacher et al.
1990; Elsner 1991; Geyer et al. 1985; Gunderson et al. 1988; Hughes and Annau 1976; Inouye et al.
1985; Musch et al. 1978; Olson and Boush 1975; Rice 1992; Rice and Gilbert 1990; Stoltenburg-
Didinger and Markwort 1990; Suter and Schon 1986).


While there are limitations to some of these studies (e.g., lack of information on BML, small
study size), the totality of the data base supports a judgment of Sufficient Human and Animal Data for
Developmental Toxicity of methylmercury.


6.2.2 Germ Cell Mutagenicity


6.2.2.1 Elemental Mercury


Data for genotoxicity of elemental mercury are described in Section 3.1.3.13 (Table 3-30). 
Results for an association of somatic cell chromosomal effects with occupational exposure to elemental
mercury are variable.  Popescu et al. (1979) and Verschaeve et al. (1976) reported increased incidence of
aberrations or aneuploidy.  Most recently Barregard et al. (1991) showed a significant correlation
between cumulative exposure to elemental mercury and micronuclei induction in T-lymphocytes. 
Negative results were reported by Verschaeve et al. (1979) and Mabille et al. (1984).  No studies of
mutagenic effect are reported.


Elemental mercury once absorbed is widely distributed throughout the body; there are no data,
however, on elemental mercury in gonadal tissue.  Based on both positive and negative findings for
somatic cell chromosomal aberrations in workers, elemental mercury is placed in a group of low
confidence for potential as a human germ cell mutagen.
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6.2.2.2 Inorganic Mercury


Data for genotoxic effects of inorganic mercury are described in Section 3.2.3.10 (Table
3-50).  There are no data on inorganic mercury from human germ cell mutagenicity studies or from
studies on heritable mutational events in animals.  Anwar and Gabal (1991) reported a statistically
significant increase by comparison to age-matched controls in both chromosomal aberrations and
micronuclei in lymphocytes of workers exposed to mercury fulminate.  There was a correlation between
frequency of aberrations and exposure duration.  Elemental mercury has been shown to be clastogenic
both in vivo and in vitro.  Results of tests for mutagenicity have been variable; generally test results in
prokaryotes are negative for mutagenicity (but may be positive for DNA damage), and results in
eukaryotes are positive.  Suter (1975) observed a small, but statistically significant increase in non-viable
implants when female mice were administered mercuric chloride intraperitoneally; the authors were not
certain whether this was a true dominant lethal effect or was attributable to maternal toxicity.


Chromosome aberrations were observed in somatic cells in occupationally exposed humans
(Anwar and Gabal 1991), in somatic cells of mice exposed by gavage (Ghosh et al. 1991), and in Chinese
Hamster Ovary cells treated in vitro (NTP 1993; Howard et al. 1991).  Sex-linked recessive mutations
were not observed in Drosophila (NTP 1993), and positive results in a dominant lethal test were
compromised by maternal toxicity (Suter 1975).  There are other data for DNA damage and limited data
for gene mutation.  Inorganic mercury is less well-distributed in the body than is elemental mercury; it
does not readily pass blood-brain or placental barriers.  In one reported study (Jagiello and Lin 1973),
mice treated intraperitoneally were not shown to have an increased incidence of aneuploidy in
spermatogonia.  Watanabe et al. (1982), however, showed that while hamsters injected s.c with mercuric
chloride had no increase in aberrations in metaphase II oocytes, there was detectable mercuric chloride in
ovaries and some inhibition of ovulation.


The totality of available data indicates a moderate weight of evidence for germ cell
mutagenicity:  sex-linked recessive and dominant lethal results were compromised, but there are positive
results for chromosomal aberrations in multiple systems (including in vivo exposure) and evidence that
mercuric chloride can reach female gonadal tissue.


6.2.2.3 Methylmercury


Summaries of data for genotoxicity of methylmercury are presented in Section 3.3.3.10 (Tables
3-70, 3-71 and 3-72).


Methylmercury appears to be clastogenic but not a potent mutagen.  Methylmercury is widely
distributed in the body, breaching both blood-brain and placental barriers in humans.  There are data
indicating that methylmercury administered i.p. reaches germ cells and may produce adverse effects. 
Suter (1975) observed a slight reduction in both numbers of implantations and viable embryos in (SEC x
C57Bl)F  females which had been mated to treated males.  This was not noted in (101 x C3H)F  mice. 1 1


When Syrian hamsters were treated intraperitoneally with methylmercury, aneuploidy but not
chromosomal aberrations was seen in oocytes.  Sex-linked recessive lethal mutations were increased in
Drosophila melanogaster given dietary methylmercury.  Watanabe et al. (1982) noted some decrease in
ovulation in hamsters treated s.c. with methylmercury, further indication that methylmercury is
distributed to female gonadal tissue.


Studies have reported increased incidence of chromosome aberrations (Skerfving et al. 1970,
1974) or SCE (Wulf et al. 1968) in lymphocytes of humans ingesting mercury-contaminated fish or
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meat.  Chromosome aberrations have been reported in cats treated in vivo and in cultured human
lymphocytes in vitro.  Evidence of DNA damage has been shown in a number of in vitro systems.


As there are data for mammalian germ cell chromosome aberration and limited data from a
heritable mutation study, methylmercury is placed in a group of high concern for potential human germ
cell mutagenicity.  All that keeps methylmercury from the highest level of concern is lack of positive
results in a heritable mutation assay.


6.2.3 Carcinogenic Effects


This section presents the critical carcinogenicity studies evaluated by the U.S. EPA for the
weight-of-evidence classification of elemental, inorganic (mercuric chloride) and organic
(methylmercury) forms of mercury.  These studies are discussed more completely in Chapter 3 and
summarized in Tables 3-1, 3-31, 3-32, 3-33, 3-52, and 3-53.


6.2.3.1 Elemental Mercury


Human data regarding the carcinogenicity of inhalation of elemental mercury are insufficient to
determine whether such exposures may result in increased cancer incidence.  Several studies report
statistically significant increases in lung cancer mortality among groups of exposed workers (Amandus
and Costello 1991; Barregard et al. 1990; Buiatti et al. 1985; Ellingsen et al. 1992).  The interpretation of
these studies is limited by small sample sizes, probable exposure to other known lung carcinogens,
failure to consider confounders such as smoking and failure to observe correlations between estimated
exposure and the cancer incidence.  A study of dental professionals found a significant increase in the
incidence of glioblastomas (Ahlbom et al. 1986).  It is not known whether exposure to mercury, X-rays,
or other potential carcinogens in the workplace contributed to the effects observed.  No increase in
cancer mortality was observed among workers exposed to mercury vapor in a nuclear weapons facility
(Cragle et al. 1984), but this study was also limited by the small sample size.  No studies were identified
that examined cancer incidence in animals exposed chronically to elemental mercury vapor.  These
studies are presented in greater detail in Section 3.1.2.


The overall findings from cytogenetic monitoring studies of workers occupationally exposed to
mercury by inhalation provide very limited evidence of genotoxic effects.  Popescu et al. (1979)
compared four men exposed to elemental mercury vapor with an unexposed group and found an
increased number of chromosomal aberrations.  Verschaeve et al. (1979) found an increased incidence of
aneuploidy after exposure to low concentrations.


In summary, human epidemiological studies failed to show a correlation between exposure to
elemental mercury vapor and increased cancer incidence, but the studies are limited by confounding
factors.  Only one study in animals is reported (Druckrey et al. 1957); tumors were found only at contact
sites, and the study is incompletely reported as to controls and statistics. Animal data are, thus, also
inadequate.  Findings from assays for genotoxicity are limited and provide no convincing evidence that
mercury exposure has an effect on the number or structure of chromosomes in human somatic cells.  The
most appropriate category is, thus, Group D, not classifiable as to human carcinogenicity.


This classification was reviewed by the Carcinogen Risk Assessment Verification Endeavor
(CRAVE), an Agency Peer Review Work Group.  The classification was accepted as appropriate on
March 3, 1994.
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6.2.3.2 Inorganic Mercury


There are no data available on the carcinogenic effects of inorganic mercury (mercuric chloride)
in humans.  In animals, there is equivocal evidence of carcinogenicity in rats and mice.  In rats gavaged
with mercuric chloride for two years (NTP 1993), survival was significantly reduced in males (17% and
8% survival in low and high-dose males versus 43% survival in controls), indicating that the maximally
tolerated dose (MTD) was exceeded.  There was an increased incidence of forestomach squamous cell
papillomas (0/50, 3/50, 12/50 in control, low, and high-dose males, respectively; 0/50, 0/49 and 2/50 in
control, low and high-dose females, respectively).  Papillary hyperplasia of the forestomach was also
significantly elevated in both male dose groups and in high-dose females.  In addition, the incidence of
thyroid follicular cell carcinomas in treated males (1/50, 2/50 and 6/50 in control, low- and high-dose
males, respectively) showed a significantly positive trend.  There were, however, no increases in thyroid
hyperplasia of adenomas; it is not clear that the increase in thyroid carcinomas is a treatment-related
effect.  The NTP also considered the forestomach tumors to be of limited relevance to humans; there was
no evidence that these contact site tumors progressed to malignancy.


In a companion study in mice (NTP 1993), there was a significantly increasing trend for renal
tubular cell tumors (adenomas and adenoma carcinomas).  No dose groups were statistically significantly
different from the control by pair-wise comparison, although the incidence in the high-dose group was
elevated.  There was a significant increase in severe nephropathy in treated animals.  The NTP studies
and two nonpositive bioassays are summarized in Section 3.2.2.


In summary, there are no data in humans linking mercuric chloride with carcinogenic effects. 
Data in animals are limited.  Focal hyperplasia and squamous cell papillomas of the forestomach as well
as thyroid follicular adenomas and carcinomas were observed in male rats gavaged with mercuric
chloride.  In the same study, evidence for increased incidence of squamous cell forestomach papillomas
in female rats and renal adenomas and carcinomas in male mice were considered equivocal.  All
increased tumor incidences were observed at what were considered high doses (in excess of the MTD). 
In this context, the relevance of the thyroid tumor to human health evaluation has been questioned; these
tumors are considered to be secondary to the hyperplastic response.  Results from in vitro and in vivo
tests for genotoxicity have been mixed with no clear indication of a strong somatic cell genotoxic effect
of mercuric chloride exposure.


Based on the absence of human data and limited data for carcinogenicity in animals, mercuric
chloride is classified as Group C, possible human carcinogen.  This classification was reviewed by
CRAVE on March 3, 1994 and found to be appropriate.


6.2.3.3 Methylmercury


The available human data are inconclusive regarding the carcinogenicity of methylmercury in
humans exposed by the oral route.  A study of leukemia patients from a rural area in Poland showed a
significantly higher mercury content in hair in the leukemia patients than in healthy unrelated patients or
healthy relatives (Janicki et al. 1987).  The population studied was small, and the study did not adjust for
other leukemia risk factors.  In addition, two studies of larger populations exposed to methylmercury
during the Minamata incident failed to show increases in leukemia or total cancer incidence (Tamashiro
et al. 1984, 1986).  Although one of these studies showed a significant increase in liver cancer incidence,
factors other than mercury exposure were likely contributors to the increase.  These epidemiological
studies are presented in greater detail in Section 3.3.2.1.
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Animal studies show some evidence of carcinogenicity in two strains of mice, but studies in rats
have not shown similar results.  Male ICR mice given methylmercuric chloride in the diet for up to two
years had significantly increased incidences of renal epithelial adenomas and/or adenocarcinomas
(Hirano et al. 1986; Mitsumori et al. 1981).  Similarly, male B6C3F1 mice given methylmercuric
chloride in the diet for up to two years had significantly increased incidences of renal epithelial
carcinomas and adenomas (Mitsumori et al. 1990).  In contrast, Sprague-Dawley rats administered
methylmercury in the diet for up to 130 weeks exhibited no increase in tumor incidence (Mitsumori et al.
1983, 1984).  Although the dose was lower in the rats than in the mice, a maximally tolerated dose was
achieved in the rat study as evidenced by an approximately 20�30% decrease in body weight gain and by
significant increases in renal and neuronal toxicity in both male and female rats at the highest dose
tested.  Other studies also failed to show increases in tumor incidence after chronic exposure to
methylmercury (Schroeder and Mitchener 1975; Verschuuren et al. 1976), but these studies were limited
by small sample sizes, failure to achieve a maximally tolerated dose and/or incomplete histopathological
examinations.  These studies are presented more completely in Section 3.3.2.2.


In summary, data for carcinogenicity from human studies are considered inadequate.  Three
studies that examined the relationship between methylmercury exposure in humans and increased
incidence of cancer were limited by poor study design or incomplete description of methodology or
results.  Data from animal studies are considered to provide limited evidence of carcinogenicity.  Male
ICR and B6C3F1 mice exposed to methylmercuric chloride in the diet were observed with increased
incidence of renal adenomas, adenocarcinomas and carcinomas.  Tumors were observed at a single site,
in a single species and sex.  Renal epithelial cell hyperplasia and tumors were observed only in the
presence of profound nephrotoxicity; tumors were suggested to be consequent to reparative changes in
the affected organs.  Although genotoxicity test data suggest that methylmercury is clastogenic, there are
also negative tests.


The limited data in animals above support a categorization of Group C, possible human
carcinogen.  The CRAVE Work Group accepted this weight-of-evidence judgment as appropriate at its
March 3, 1994 meeting.


6.2.3.4 Application of proposed revision of the Guidelines for Carcinogen Risk Assessment 


Data described in the above three sections were re-evaluated using criteria described in the
proposed revisions to the Guidelines for Carcinogen Risk.  Among the changes in the revised guidelines
are emphasis on use of data describing the mode of action of the putative carcinogen, both in weight of
evidence judgements and in decisions as to the most appropriate type of low dose extrapolation.  The
revised Guidelines encourage  consideration of relevance to human health risk of route and magnitude of
exposure in animal bioassays.  Both of these considerations were part of a re-evaluation of the data for
carcinogenicity of the three forms of mercury. Results of a presentation (Schoeny, 1996) on the
application of the revised Guidelines are summarized below.
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Elemental mercury


The likelihood of elemental mercury to be a human carcinogen cannot be determined; data in
humans and animal bioassays are inadequate.  Epidemiologic studies, though confounded showed no
correlation between exposure to elemental mercury vapor and carcinogenicity. Animal data were not
positive, but the published study was considered inadequate. The study was done by a route
(intramuscular injection) not relevant to human exposure (inhalation). Genetic toxicity data are limited
and equivocal.


Inorganic (mercuric chloride) 


The data for inorganic mercury indicate that it is not likely to be a human carcinogen under
conditions of exposure generally encountered in the environment. There are no data on carcinogenicity in
humans.  Findings in animals included squamous cell papillomas of the forestomach and thyroid
follicular cell adenomas and carcinomas in gavaged rats, and renal adenomas and adenocarcinomas in
male mice.  All increased tumor incidences were at high doses (in excess of the MTD).  Genetic toxicity
data gave a mix of positive and negative response for chromosomal breakage and were equivocal for 
somatic cell point mutations.  The mode of action for forestomach tumors appears to be a high dose
effect related to irritation and cytotoxicity.  The mode of action for thyroid tumors is not clear; there was
no treatment-related increase in incidence of hyperplasia.  There was high mortality in rats from renal
toxicity.  Renal toxicity in male mice was less severe; the mode of action of inorganic mercury in
producing renal neoplasms is not clear.  Human exposure (other than occupational or accidental
poisoning) is likely to be to low levels of inorganic mercury in water or food plants.


Methylmercury 


Methylmercury is not likely to be a human carcinogen under conditions of exposure generally
encountered in the environment.  Data in humans were inadequate; interpretation is limited by
inappropriate study design and incomplete descriptions of methodology.  Dietary exposure in two strains
of mice resulted in increased renal adenomas and adenocarcinomas.  Tumors were observed only in dose
groups experiencing profound nephrotoxicity.  Studies in rats exposed to a MTD showed no increased
tumor incidence.  Several studies show that methylmercury can cause chromosomal damage in somatic
cells.  While evidence is good for chromosomal effects, it does not appear that methylmercury is a point
mutagen.  The mode of action in renal tumor induction is likely to be related to reparative changes in the
tissues.  Human exposure is likely to be from consumption of contaminated foods especially fish.  It is
expected that exposure, even in groups consuming large amounts of fish from contaminated sources, will
be to levels far below those likely to cause the tissue damage associated with tumor formation in
animals.


6.3 Dose-Response Assessment For Mercury


6.3.1 Systemic Noncancer Effects


6.3.1.1 Oral Reference Doses (RfDs)


Elemental mercury


Metallic mercury is only slowly absorbed by the gastrointestinal tract (~0.01%) and  because of
this is thought to be of no toxicological consequence (Klaassen et al. 1986) when ingested.  Further
discussion of an RfD for this form of mercury is not presented.
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Inorganic mercury (mercuric chloride)


An RfD for inorganic mercury of 3x10  mg/kg-day has been verified by the RfD/RfC Work-4


Group.  The critical effect serving as the basis for the RfD is kidney toxicity due to an auto-immune
disease caused by the accumulation of IgG antibodies in the glomerular region of the kidneys. 


On October 26 and 27 of 1987, a panel of mercury experts met at a Peer Review Workshop
convened by U.S. EPA for the purpose of reviewing outstanding issues concerning the health effects and
risk assessment of inorganic mercury (U.S. EPA 1987).  The panel participants are listed in Appendix C. 
Five consensus conclusions and recommendations were agreed to as a result of this workshop; these are
presented in Table 6-1.  The RfD was determined using data on autoimmune glomerulonephritis
observed in rats.  Based on three studies using the Brown-Norway rat, a DWEL value was determined
using studies described below.  The Brown-Norway rat is very sensitive to this mercuric mercury-
induced autoimmune effects, although this effect has also been demonstrated in other strains of rats and
other species of experimental animals (Andres 1984; Bernaudin et al. 1981; Hultman and Enestrom
1992).  The Brown-Norway rat is believed to be a good surrogate for the study of mercury-induced
kidney damage in sensitive humans (U.S. EPA 1987b).  The glomerulonephritis is characterized by
deposition of anti-glomerular basement membrane antibodies (IgG) in renal glomeruli and after
prolonged exposure is often accompanied by proteinuria and, in some cases, nephrosis (Druet et al.
1978).


LOAEL values were identified from three individual studies.  In Druet et al. (1978), Brown-
Norway rats were exposed to mercuric chloride via subcutaneous injection, 3 times/week, for 8 weeks. 
The dose levels administered were 0, 0.1, 0.25, 0.5, 1.0 and 2.0 mg Hg/kg, and there were
6�20 animals/group.  An additional group of animals received 0.05 mg Hg/kg for 12 weeks.  (The
number of animals/sex was not stated.)  Druet and colleagues measured antibody formation (using a
fluoresceinated sheep anti-rat IgG antiserum) and urinary protein levels.  Proteinuria occurred at doses
�0.1 mg/kg (LOAEL); the proteinuria was considered a highly deleterious effect, as it frequently led to
hypoalbuminemia and even death.  A LOAEL for lifetime exposure was calculated to be 0.226 mg/kg-
day, using the following conversion:


0.05 mg/kg x 3 days/7 days x 0.739 [HgCl  � Hg ] x 100% absorption/7%2
2+


= 0.226 mg Hg/kg-day


In a 60-day study conducted by Bernaudin et al. (1981), Brown-Norway rats (5/group) were
force-fed 0 or 3 mg/kg/week mercuric chloride.  At the end of the 60 days, there were no classic
histological abnormalities in the kidneys of treated animals.  Using immunofluorescence, however, IgG
deposition was evident in all of the treated rats, and weak proteinuria was noted in 3/5 dosed animals.  A
lifetime LOAEL was calculated to be 0.317 mg Hg/kg-day.  Dose conversion was done in the following
manner:


3 mg/kg x 1 day/7 days x 0.739 [HgCl  � Hg ]2
2+


= 0.317 mg Hg/kg-day







RfD �


DWEL x 2 L/day
70 kg bw
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Table 6-1
Consensus Decisions of Peer Review Panel


� The most sensitive adverse effect for mercury risk assessment is formation of mercuric
mercury-induced autoimmune glomerulonephritis.  The production and deposition of IgG
antibodies to the glomerular basement membrane can be considered the first step in the
formation of this mercuric mercury-induced autoimmune glomerulonephritis.


� The Brown-Norway rat should be used for mercury risk assessment.  The Brown-Norway rat
is a good test species for the study of Hg -induced autoimmune glomerulonephritis.  The2+


Brown-Norway rat is not unique in this regard (i.e., this effect has also been observed in
rabbits).  


� The Brown-Norway rat is a good surrogate for the study of mercury-induced kidney damage
in sensitive humans.  For this reason, the uncertainty factor (for interspecies variability) used
to calculate criteria and health advisories (based on risk assessments using the Brown Norway
rat) should be reduced by 10-fold.


� Hg  absorption values of 7% from the oral route and 100% from the subcutaneous route2+


should be used to calculate criteria and health advisories.


� A DWEL of 0.010 mg/L was recommended based on the weight of evidence from the studies
using Brown Norway rats and limited tissue data.


Similar results were obtained by Andres (1984).  Five Brown-Norway rats were exposed to
3 mg/kg mercuric chloride via gavage 2 times/week for 60 days.  In this same study, Lewis rats (n=2)
were also exposed using the same dosing regimen.  After 60 days, the kidneys of all treated animals
appeared normal histologically, and no proteinuria was reported in any treated animals; IgG deposition in
the renal glomeruli was demonstrated using immunofluorescence in Brown-Norway rats.  No antibody
deposition was noted in the Lewis rats.  The lifetime LOAEL was determined to be 0.633 mg Hg/kg-day. 
Dose conversion was done in the following manner:


3 mg/kg x 2 days/7 days x 0.739 [HgCl  � Hg ]2
2+


= 0.633 mg Hg/kg-day


As the result of intensive review of these and other studies, as well as the discussions of the
panel of mercury experts convened for this purpose, a recommended DWEL of 0.01 mg/L was derived
from the LOAELs above, and, subsequently, the oral RfD value was back-calculated:


RfD = 0.010 mg/L x 2L/day/70 kg bw
= 0.0003 mg/kg bw/day
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The RfD for inorganic mercury was reviewed by the RfD/RfC Work Group which reached
consensus for verification on November 16, 1988.  The Work Group agreed to application of an
uncertainty factor of 1000 to the LOAELs above (which ranged from 0.23 to 0.63 mg Hg/kg-day).  The
uncertainty factor was composed of a 10-fold each for subchronic to chronic and LOAEL to NOAEL
extrapolation, and an additional 10-fold factor for both animal to human and sensitive populations.  The
resulting RfD of 3x10  mg/kg-day was given high confidence based on the weight of the evidence from-4


the studies using Brown Norway rats and the entirety of the data base.


A literature search for the years 1988 to 1994 has been conducted and recently reviewed
(September 1994).  The NTP (1993) study was among those considered.  A rat NOAEL of 0.23 mg
Hg/kg administered dose has been identified for renal effects for the 6-month portion of the study.  A
description of the NTP gavage study has been included in the summary information for IRIS.  U.S. EPA
concluded that no change in the RfD for inorganic mercury is needed at this time.


Methylmercury


U.S. EPA has on two occasions published RfDs for methylmercury which have represented the
Agency consensus for that time. These are described in the sections below.  The original RfD of 0.3
µg/kg/day was determined in 1985.  The current RfD of 0.1 µg/kg/day was established as Agency
consensus in 1995.  At the time of the generation of the Mercury Study Report to Congress, it became
apparent that considerable new data on the health effects of methylmercury in humans were emerging. 
Among these are large studies of fish or fish and marine mammal consuming populations in the
Seychelles and Faroes Islands.  Smaller scale studies are in progress which describe effects in
populations around the U.S. Great Lakes.  In addition, there are new evaluations, including novel
statistical approaches and application of physiologically-based pharmacokinetic (PBPK) models, to
published work described in section 3.3.1.1 of this volume.


 As much of this new data has either not yet been published or have not yet been subject to
rigorous review, it was decided that it was premature for U.S. EPA to make a change in the 1995
methylmercury RfD at this time.  This decision was approved by the Science Advisory Board (SAB), a
public advisory group providing extramural scientific information and advice to the Administrator and
other officials of the Environmental Protection Agency.  The SAB is structured to provide balanced,
expert assessment of scientific matters relating to problems facing the Agency.  Their report makes the
following statement.  


�In general, from the standpoint of looking at human health effects and the uncertainties, the
draft report is a very good document and an important step forward in terms of bringing the relevant
information together into one place for the first time.  The current RfD, based on the Iraqi and New
Zealand data, should be retained at least until the on-going Faeroe and Seychelles Islands studies have
progressed much further and been subjected to the same scrutiny as has the Iraqi data.�


The SAB report continues:


�Investigators conducting two new major prospective longitudinal studies--one in the Seychelles
Islands the other in the Faeroe Islands--have recently begun to publish findings in the literature and are
expected to continue releasing their findings during the next 2-3 years.  These studies have advantages
over  those cited in the previous paragraph in that they have much larger samples sizes, a larger number
of developmental endpoints, potentially more sensitive developmental endpoints, and control a more
extensive set of potential confounding influences.  On the other hand, the studies have some limitations
in terms of low exposures (to PCBs in the Faeroes) and ethnically homogenous societies.  Since only a







6-20


small portion of these new data sets have been published to date and because questions have been raised
about the sensitivity and appropriateness of the several statistical procedures used in the analyses, the
Subcommittee concluded that it would be premature to include any data from these studies in this report
until they are subjected to appropriate peer review.  Because these data are so much more
comprehensive and relevant to contemporary regulatory issues than the data heretofore available,
once there has been adequate opportunity for peer review and debate within the scientific
community, the RfD may need to be reassessed in terms of the most sensitive endpoints from these
new studies.� 


An inter-agency process, with external involvement will be undertaken for the purpose of
reviewing these new data, their evaluations, and the evaluations of existing data.  An outcome of this
process will be an assessment by U.S. EPA of its RfD for methylmercury to determine if a change is
warranted.


Former RfD


A hazard identification and dose-response assessment was proposed for methylmercury in 1980
(U.S. EPA 1980) and later verified by the RfD/RfC Work Group on December 2, 1985.  This assessment
was subsequently included on U.S. EPA’s Integrated Risk Information System (IRIS).  The critical
effects were multiple central nervous system (CNS) effects including ataxia and paresthesia in
populations of humans exposed to methylmercury through consumption of contaminated grain
(summarized by Clarkson et al. 1975, Nordberg and Strangert 1976 and WHO 1976); see study
descriptions in Section 3.3.


The RfD for methylmercury was determined to be 3x10  mg/kg-day, based on a LOAEL of-4


0.003 mg/kg-day (corresponding to 200 µg/L blood concentration) and an uncertainty factor of 10 used
to adjust the LOAEL to what is expected to be a NOAEL.  An additional uncertainty factor of 10 for
sensitive individuals for chronic exposure was not deemed necessary at the time of the RfD's
verification, as the adverse effects were seen in what was regarded as a sensitive group of individuals,
namely adults who consumed methylmercury-contaminated grain.


Medium confidence was ascribed to the choice of study, data base and RfD.  The blood levels
associated with the LOAEL were well supported by more recent data, but neither the chosen studies nor
supporting data base described a NOAEL.  Medium confidence indicates that new data may change the
assessment of the RfD.


Since the time of verification, several submissions to IRIS have questioned the value of this RfD,
and, specifically, whether or not this RfD is protective against developmental effects.  Subsequent to the
RfD verification, the effects in Iraqi children of in utero exposure to methylmercury were reported by
Marsh et al. (1987).  Discussion of the methylmercury RfD by the RfD/RfC Work Group was reported in
1992 and 1994.  Consensus for verification of the RfD described below was reached in January of 1995.







d �g/day �


C x b x V
A x f
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Current U.S. EPA RfD


Determination of critical effect


Marsh et al. (1987) was chosen as the most appropriate study for determination of an RfD
protective of a putative sensitive subpopulation; namely infants born to mothers exposed to
methylmercury during gestation.  This paper describes neurologic abnormalities observed in progeny of
women who consumed bread prepared from methylmercury-treated seed grain while pregnant (See
Chapter 3 for study description).  Among the signs noted in the infants exposed during fetal development
were cerebral palsy, altered muscle tone and deep tendon reflexes as well as delayed developmental
milestones (i.e., walking by 18 months and talking by 24 months).  Each child in the study was examined
by two neurologists who scored observed effects on a scale for severity ranging from 0 to 11.  The data
collected by Marsh et al. (1987) summarize clinical neurologic signs of 81 mother and child pairs.  From
x-ray fluorescent spectrometric analysis of selected regions of maternal scalp hair, concentrations
ranging from 1 to 674 ppm mercury were determined, then correlated with clinical signs observed in the
affected members of the mother-child pairs.  Among the exposed population there were affected and
unaffected individuals throughout the exposure range.


Method employed for determination of critical dose


In order to quantitate an average daily mercury ingestion rate for the mothers, hair
concentrations were determined for periods during gestation when actual methylmercury exposure had
occurred.  This procedure is possible since hair grows an average rate of 1 cm/month (Al-Shahristani et
al. 1976) and since Iraqi women wear their hair very long; appropriate samples were, thus, available for
the period of gestation when exposure occurred.


A number of laboratory studies support a correlation between hair concentrations and concurrent
blood concentrations.  Some variation in the ratio exists; a ratio of 250:1 (µg mercury/mg in hair:µg
mercury/ml of blood) was used to derive the RfD critical dose.  A more complete discussion for the
choice of this ratio is provided in the next section.


The hair concentration at a hypothetical NOAEL for developmental effects was determined by
application of a benchmark dose approach (see subsequent section for discussion of methods and data
used).  The analysis used the combined incidence of all neurological effects in children exposed in utero
as reported in the Marsh et al. (1987) study.  A Weibull model for extra risk was used to determine the
benchmark dose of 11 ppm mercury in maternal hair (11 mg/kg hair).  This was converted to 44 �g/L
blood using the above 250:1 ratio.


11 mg/kg hair / 250  = 44 �g/L blood


To obtain a daily dietary intake value of methylmercury corresponding to a specific blood concentration,
factors of absorption rate, elimination rate constant, total blood volume and percentage of total mercury
that is present in circulating blood were taken into account.  Calculation was by use of the following
equation based on the assumptions that steady state conditions exist and that first-order kinetics for
mercury are being followed.







d �


c x b x V
A x f x bw


d �


44 �g/L x 0.014 days �
1


x 5L
0.95 x 0.05 x 60 kg


d � 1.1 �g/kg�day
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Where:


d = daily dietary intake (expressed as ug of methylmercury)
C = concentration in blood  (expressed as 44 ug/liter)
b = elimination constant (expressed as 0.014 days )-1


V = volume of blood in the body (expressed as 5 liters)
A = absorption factor (expressed as a unitless decimal fraction of 0.95)
f = fraction of daily intake taken up by blood  (unitless, 0.05)


Solving for d gives the daily dietary intake of mercury which results in a blood mercury concentration of
44 �g/L.  To convert this to daily ingested dose (�g/kg-day) a body weight of 60 kg was assumed and
included in the equation denominator.


The dose d (1.1 �g/kg-day) is the total daily quantity of methylmercury that is ingested by a 60 kg
individual to maintain a blood concentration of 44 �g/L or a hair concentration of 11 ppm.


The rationales for use of specific values for equation parameters follow.


Hair to blood concentration ratio.  The hair:blood concentration ratio for total mercury is
frequently cited as 250:1 expressed as �g mercury/g hair to �g mercury/ml of blood.  Ratios reported in
the literature range from 140 to 416, a difference of about a factor of 3.  Table 6-2 provides the results of
12 recent studies in which hair to blood ratios were calculated for a variety of human populations. 
Differences in the location of hair sampled (head versus chest and distance from scalp) may contribute to
the differences observed.  Variability in the hair-blood relationship for mercury concentration can also be
attributed to the fact that unsegmented hair analysis gives a time-weighted average of mercury exposure,
while analysis of mercury in blood reflects a much shorter period average of exposure.  As much as a 3-
fold seasonal variation in mercury levels was observed in average hair levels for a group of individuals
with moderate to high fish consumption rates, with yearly highs occurring in the fall and early winter
(Phelps et al. 1980; Suzuki et al. 1992).  The relatively high ratio reported by Tsubaki (Table 6-2) may
have reflected the fact that mercury levels were declining at the time of sampling so that the hair levels
reflect earlier, higher blood levels.  Cernichiari et al. (1995a) reported a maternal hair:blood ratio of
416:1 for residents of the Seychelles Islands.  The authors remarked that while this ratio was high,
statistical uncertainties do not permit a judgement as to whether it is truly outside the range reported in
WHO (1990) recapitulated in Table 6-2.  Phelps (1980) obtained multiple blood samples and sequentially
analyzed lengths of hair from individuals.  Both hair and blood samples were taken for 339 individuals in
Northwestern Ontario.  After reviewing the various reports for converting hair concentrations to blood
concentrations, the analysis in the Phelps (1980) paper was selected by the Agency RfD/RfC Work
Group because of the large sample size and the attention to sampling and analysis that was made.  The
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ratio Phelps observed between the total mercury concentration in hair taken close to the scalp and
simultaneous blood sampling for this group was 296:1.  To estimate the actual ratio the authors assumed
that blood and hair samples were taken following complete cessation of methylmercury intake.  They
also assumed a half-life of methylmercury in blood of 52 days and a lag of 4 weeks for appearance of the
relevant level in hair at the scalp.  Phelps also determined that 94% of the mercury in hair is
methylmercury.  Based on these assumptions, they calculated that if the actual hair:blood ratio were
200:1, they would have observed a ratio of 290.  Based on these and other considerations, Phelps states
that the actual ratio is "probably higher than 200, but less than the observed value of 296."  As the
authors point out, one-third of the study population was sampled during the rising phase of seasonal
variation ( and two-thirds or more in the falling phase). Phelps et al. (1980) had assumed that all were
sampled in the falling phase.  This fact would tend to result in a lower observed ratio; therefore, the
actual average is likely to be greater than 200.  It was concluded by U.S. EPA that a midpoint value of
250 is acceptable for the purpose of estimating average blood levels in the Iraqi population.


Fraction of mercury in diet that is absorbed (A).  After administration of radiolabeled
methylmercuric nitrate in water to 3 healthy volunteers, uptake was reported to be >95%. (Aberg et al.
1969).  This value is supported by experiments in human volunteers conducted by Miettinen et al.
(1971).  These researchers incubated fish liver homogenate with radiolabeled methylmercury nitrate to
produce methylmercury proteinate.  The proteinate was then fed to fish for a week; the fish were killed,
cooked and fed to volunteers after confirmation of methylmercury concentration.  Mean uptake exceeded
94%.  Based upon these experimental results an absorption factor of 0.95 was used in these calculations.


Fraction of the absorbed dose that is found in the blood (f).  There are three reports of the
fraction of absorbed methylmercury dose distributed to blood volume in humans.  Kershaw et al., (1980)
reported an average fraction of 0.059 of absorbed dose in total blood volume, based on a study of 5 adult
male subjects who ingested methylmercury-contaminated tuna.  In a group of 9 male and 6 female
volunteers who had received Hg-methylmercury in fish, approximately 10% of the total mercury body203


burden was present in one liter of blood in the first few days after exposure; this dropped to
approximately 5% over the first 100 days (Miettinen et al. 1971)  In another study, an average value of
1.14% for the percentage of absorbed dose in one kg of blood was derived from data on subjects who
consumed a known amount of methylmercury in fish over a 3-month period (Sherlock et al. 1984). 
Average daily intake in the study ranged from 43 to 233 µg/day, and there was a dose-related effect on
percentage of absorbed dose that ranged from 1.03% to 1.26% in one liter of blood.  Each of these values
was multiplied by 5 to yield the total amount in the blood compartment, as there are approximately 5
liters of blood in an adult human body (0.01 x 5 = 0.05).  The value 0.05 has
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Table 6-2
Available Data on Hair:Blood Ratio (total Hg)


Reference Ratio Subjects (�g/L) ScalpHair (ppm) (mm)


Hair to Number Hg Range in Distance
Blood of Whole Blood toHg Range in Length


Hair Samples


Sumari et al., 1969 140 50 5-270 1-57 -- --1


Soria et al., 1992 218 16 2.4-9.1 0.15-20 -- at scalp


Tejning, 1967 230 51 4-110 1-30 -- axillary1


Skerfving, 1974 230 60 44-550 1-142 5 at scalp


Haxton et al., 1979 250 173 0.4-26 0.1-11.3 20 --


Tsubaki, 1971b 260 45 2-800 20-325 -- --2


Birke et al., 1972 280 12 4-650 1-180 5 at scalp2 3


Den Tonkelaar et al., 1974 280 47 1-40.5 <0.5-13.2 -- --


Kershaw et al., 1980 292 5 -- -- 5 at scalp4


Phelps et al., 1980 296 339 1-60 1-150 10 at scalp


Sherlock et al., 1982 367 98 1.1-42.3 0.2-21 24 --


Cernichiari et al., 1995 416 740 0.5-26.7 10 at scalp


Tsubaki, 1971a 370 ~25 -- -- �longer tuft� --1 1


 As cited in Berglund et al. 19711


 As cited in WHO, 19762


 Ratio of methylmercury in hair to methylmercury in blood3


 Based on repeated measurements at different time points (3-8 ratios per individual) of the ratio of 5 mm hair segments to4


  corresponding 2-week average blood levels (assuming hair growth of 1.1 cm/month).
�--� = Not reported


been used for this parameter in the past by other groups; e.g.., Berglund et al. (1971) and  WHO (1990). 
A value of 0.05 was used for "f" in the above equation.


Elimination constant (b).  Several studies reported clearance half-times for methylmercury from
blood or hair in the range of 35-189 days (Miettinen 1972; Kershaw et al. 1980; Al-Shahristani et al.
1974; Sherlock et al. 1984).  Two of these studies included the Iraqi population exposed during the
1971�1972 incident.  A value reported in Cox et al. (1989) was derived from the study group which
included the mothers of the infants upon which this risk assessment is based.  The average elimination
constant of the 4 studies is 0.014; the average of individual values reported for 20 volunteers ingesting
from 42 to 233 µg mercury/day in fish for 3 months (Sherlock et al. 1982) is also 0.014.  A value of
0.014 days  was, thus, used for term "b" in the above equation.-1


Volume of blood in the body (V).  That blood volume is 7% of body weight has been determined
by various experimental methods.  There is an increase of 20% to 30% (to about 8.5 to 9%) during
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pregnancy (Best 1961).  Specific data for the body weight of Iraqi women were not found.  Assuming an
average body weight of 58 kg and a blood volume of 9% during pregnancy, a blood volume of 5.22 liters
was derived.  In the equation on page 6-19, term "V" was taken to be 5 liters.


Body weight.  While the critical endpoint for the RfD is developmental effects in offspring, the
critical dose is calculated using parameters specific to the mothers who ingested the mercury
contaminated grain.  Data on body weights of the subjects were not available.  A default value of 60 kg
(rounded from 58) for an adult female was used.


Grouping of data


Data used in the U.S. EPA benchmark dose calculation were excerpted from the publication,
Seafood Safety (NAS 1991).  The tables of incidence of various clinical effects in children that were
provided in this document readily lent themselves to the benchmark dose modeling approach.  The
continuous data for the Iraqi population that were reported in Marsh et al. (1987) were placed in five
dose groups, and incidence rates were provided for delayed onset of walking, delayed onset of talking,
mental symptoms, seizures, neurological scores above 3, and neurological scores above 4 for affected
children.  Neurologic scores were determined by clinical evaluation for cranial nerve signs, speech,
involuntary movement, limb tone strength, deep tendon reflexes, plantar responses, coordination,
dexterity, primitive reflexes, sensation, posture, and ability to sit, stand and run.  Table 6-3 shows the
input data for the modeling procedure for effects found in children.  Incidence data for each of the
adverse effects in children were taken directly from Table 6-11, Seafood Safety (NAS, 1991).  The
effects of late walking, late talking, and neurologic scores greater than 3 were also combined for
additional analysis.  Table 6-4 shows the incidence data for each of the effects observed in adults as
grouped in Table 6-13 of the Seafood Safety document.


Adjustments for background incidence


As an adjustment for background rates of effects, the benchmark dose estimates for
methylmercury were calculated to estimate the dose associated with "extra risk."  Another choice would
have been to calculate based on "additional risk."  Additional risk (AR) is defined as the added incidence
of observing an effect above the background rate relative to the entire population of interest, AR = [P(d)-
P(0)]/1.  In the additional risk calculation, the background rate is subtracted off, but still applied to the
entire population, including those exhibiting the background effect, thus in a sense "double counting" for
background effects.  It can be seen that extra risk (ER) is always mathematically greater than or equal to
additional risk, ER = [P(d)-P(0)]/[1-P(0)], and is thus a more conservative measure of risk (whenever the
background rate is not equal to zero).  Conceptually, extra risk is the added incidence of observing an
effect above the background rate relative to the proportion of the population of interest that is not
expected 
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Table 6-3
Incidence of Effects in Iraqi Children By Exposure Groupa


Effect 1.37 10 52.53 163.38 436.60


Late Walking 0 2 2 3 12


Late Talking 2 1 3 4 11


Mental Symptoms 1 0 1 3 4


Seizures 0 0 1 2 4


Neurological Scores >3 3 1 4 3 9


Neurological Scores >4 0 1 2 2 6


All Endpoints 4 3 6 8 14


                                  N 27 14 13 12 15


 From Table 6-11 of Seafood Safety; Dose is geometric mean in ppm maternal hair.a


Table 6-4
Incidence of Effects in Iraqi Adults by Exposure Groupa


Effect 50 350 750 1500 2500 3500 4500


Paresthesia 2 1 8 10 20 14 7


Ataxia 1 0 2 8 15 17 7


Visual Changes 0 0 4 9 14 10 6


Dysarthria 1 1 1 4 6 13 6


Hearing Defects 0 0 1 0 3 6 5


Deaths 0 0 0 0 0 3 2


                         N 21 19 19 17 25 17 7


 From Table 6-13 of Seafood Safety; Dose is geometric mean in ppb blood.a


to exhibit such an effect.  Extra risk is then more easily interpreted than additional risk, because it applies
the additional risk only to the proportion of the population that is not represented by the background rate. 







P(d) � A0 � (1�A0)(1�exp[�A1 � d A2] ,
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Extra risk has been traditionally used in U.S. EPA's cancer risk assessments (Anderson et al. 1983) and is
discussed in detail in a report on the benchmark dose by U.S. EPA's Risk Assessment Forum (U.S. EPA 1995).


Derivation of a benchmark dose


Benchmark dose estimates were made by calculating the 95% lower confidence limits on doses
corresponding to the 1%, 5% and 10% extra risk levels using a quantal Weibull model (K.S.Crump
Division of ICF Kaiser International).  The Weibull model was chosen for the benchmark dose
calculations for the methylmercury data as recent research suggests it may be the best model for
developmental toxicity data (Faustman et al., 1994).  The form of the quantal Weibull that was used is
the following:


where d = dose, 
A0 = background rate = 0.12468, 
A1 = slope = 9.47 × 10 , and -3


A2 = shape parameter = 1.000.  


For each endpoint and for the combined endpoints, the incidence of response was regressed on
the dose.  A Chi-squared test of goodness-of-fit was used to test the null hypothesis (Ho) that the
predicted incidence was equal to the observed incidence, so that Ho would be rejected for p-values less
than 0.05.


Results for individual effects and all effects combined for children exposed in utero are given in
Table 6-5; results for adults are given for comparison in Table 6-6.  For calculation of the lower bound
on the 10% risk level, A0 = 0.12468, A1 = 9.470230 x 10 , A2 = 1.00000.  The RfD/RfC Work Group-3


chose the benchmark (lower bound on the dose for 10% risk) based on modeling of all effects in
children.  Recent research (Allen et al. 1994a, b) suggests that the 10% level for the benchmark dose
roughly correlates with a NOAEL for developmental toxicity data.  Note that this conclusion was based
on controlled animal studies and on calculation of additional risk.  Both the polynomial and Weibull
models place a lower 95% confidence limit on the dose corresponding to a 10% risk level at 11 ppm hair
concentration for methylmercury.  The benchmark dose rounded to 11 ppm was used in the calculation of
the RfD.


Dose groupings other than those used in Seafood Safety were also done and benchmark doses run
as above for comparison.  Both density-based grouping and uniform concentration intervals were used.


The local density of observations relative to the mercury level in hair was analyzed using a
density estimation algorithm (smooth function in S-PLUS for Windows, Ver. 3.1; S-PLUS Guide to
Statistical and Mathematical Analysis).  The function estimates a probability density for the distribution
of a variable by calculating a locally-weighted density of the observations.  That is, the function
estimates the probability that an observation will be near a specific value based on how the actual values
are clustered.  In this case, the function was used to estimate the probability density for an observation in
the neighborhood of any given maternal hair mercury concentration.  The density plot is shown in Figure
6-1.  The peaks represent relatively greater numbers of data points than the troughs in the vicinity of the
associated hair mercury concentrations.
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Table 6-5
Methylmercury Benchmark Dose Estimates (ppm hair)


Maximum Likelihood Estimates and 95% Lower Confidence Limits from Weibull Model
Incidence of Effects in Children (Marsh et al. 1987)


Effect G-O-F
0.01 0.05 0.10


a


P-ValueMLE 95% CL MLE 95% CL MLE 95% CL


Late Walking 3.3 2.1 16.7 10.9 34.3 22.4 0.16


Late Talking 4.7 2.4 22.1 12.3 43.8 25.3 0.79


Mental Symptoms 12.0 6.4 61.0 32.8 125.4 67.5 0.63


Seizures 11.8 6.7 60.4 34.3 124.2 70.5 0.86


Neuro Score >3 5.6 3.3 28.8 17.0 59.1 34.9 0.58


Neuro Score >4 8.1 4.6 41.4 23.7 84.9 48.7 0.48


All Endpoints 1.6 1.1 8.3 5.4 17.1 11.1 0.94


 Goodness-of-fit p-value for testing the null hypothesis, Ho: Predicted Incidence = Observed Incidence.a


Table 6-6
Methylmercury Benchmark Dose Estimates (ppb blood)


Maximum Likelihood Estimates and 95% Lower Confidence Limits from Weibull Model
Incidence of Effects in Adults (Bakir et al. 1987)


Effect G-O-F
0.01 0.05 0.10


a


P-ValueMLE 95% CL MLE 95% CL MLE 95% CL


Paresthesia 45.3 14.3 169.0 73.2 302.2 150.5 0.36


Ataxia 330.4 140.8 652.9 369.7 882.0 564.7 0.22


Visual Changes 64.1 25.4 249.1 129.9 453.6 266.9 0.26


Dysarthria 728.9 235.9 1265.4 621.8 1614.4 949.8 0.41


Hearing Defects 1462.9 535.2 2137.5 1202.8 2527.1 1705.6 0.53


Deaths 2226.3 1106.8 3007.2 2167.3 3434.2 2797.0 0.83


 Goodness-of-fit p-value for testing the null hypothesis, Ho: Predicted Incidence = Observed Incidence.a
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Figure 6-1
Density of Data Points Relative to Mercury


Concentration in Hair for Iraqi Cohort Data


The density distribution is characterized by four distinct peaks.  Exposure dose groups were
defined as trough-to-trough intervals with the peak values taken as the nominal value for each interval. 
The nominal dose-group value, concentration ranges, and incidence of combined developmental effects
are given in Table 6-7.  A benchmark dose  was calculated from the incidence of all effects as grouped in
Table 6-7.  The lower 95% confidence interval on the benchmark dose for the 10% response is 13 ppm,
compared to the 11 ppm value used as the basis for the RfD.


Another alternative dose grouping approach was to divide the entire exposure range  into four
equal log-dose intervals.  The geometric midpoint of each interval was taken as the nominal value for the
interval.  The nominal dose-group value, concentration ranges, and incidence of combined
developmental effects are given in Table 6-8.  The benchmark calculated as the lower bound on the 10%
incidence for all effects is 10.3 ppm, compared to the 11 ppm used for the RfD.


Table 6-7
Density-Based Dose Groupings


Nominal Dose (ppm) Dose Range (ppm) Incidence


1.18 1 - 4 5/27


10.6 5 - 28 3/16


78.8 29 - 156 10/17


381 157 - 674 18/21
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Table 6-8
Uniform Dose Groupings


Nominal Dose (ppm) Dose Range (ppm) Incidence


2.25 1 - 5 5/28


11.5 6 - 25 3/14


58.6 26 - 132 9/17


299 133 - 674 19/22


Two other analyses were done.  In the first, data on males and females were grouped as
published in Seafood Safety, and the Weibull model was as for the data in Table 6-9.  The lower 95%
confidence interval on the benchmark dose for the 10% response for males only was 10ppm and for
females only, 11ppm. The last analysis consisted of fitting all data (for males and females ) on all
endpoints in Table 6-9 without grouping .  When the model was restricted such that the Weibull power
would drop below 1, the lower 95% bound on the dose for the 10% response was 11ppm.  For an
unrestricted model the benchmark dose was.  Table 6-9 lists all equivalent benchmarks (lower 95%
bounds on a 10% effect level for all measured endpoints) calculated by U.S.EPA on the data of Marsh et
al. (1987).


Table 6-9
Benchmark Dosed Calculated on Data from Marsh et al. (1987)


Data Grouping Benchmark Dose (ppm maternal hair)


Grouping in Seafood Safety 11


Density-based grouping 13


Uniform concentration intervals 10


Males only (Seafood Safety groups) 10


Females only (Seafood Safety groups) 10


Individual data points (restricted model) 11


Uncertainty and modifying factors


A composite uncertainty factor of 10 was used.  This uncertainty factor was applied for
variability in the human population, in particular the wide variation in biological half-life of
methylmercury and the variation that occurs in the hair to blood ratio for mercury.  In addition, the factor
accounts for lack of a two-generation reproductive study and lack of data for possible chronic
manifestations of the adult effects (e.g., paresthesia that was observed during gestation).  The default
value of one was used for the modifying factor.







RfD �


Benchmark Dose
UF x MF


�


1.1 ug/kg�day
10


� 1 x 10�
4


mg/kg�day
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Calculation of the oral RfD for methylmercury


In this instance the RfD was calculated using the following equation:


Confidence in the oral RfD for methylmercury


The principal study (Marsh et al. 1987) is a detailed report of human exposures with quantitation
of methylmercury by analysis of specimens from affected mother-child pairs.  A strength of this study is
that the quantitative data are from the affected population and quantitation is based upon biological
specimens obtained from affected individuals.  A threshold was not easily defined; extended application
of modeling techniques were needed to define the lower end of the dose-response curve.  This may
indicate high variability of response to methylmercury in the human mother-child pairs or
misclassification of assigning pairs to the cohort.  Confidence in the supporting data base and confidence
in the RfD were considered medium by the RfD/RfC Work Group.


An analysis of uncertainty in an RfD based on the Iraqi data is found in Appendix D of this
volume.  Discussions of areas of uncertainty can also be found in Volume VII, Risk Characterization.


Choice of Benchmark or NOAEL as the basis for the RfD


Estimates of threshold levels for neurotoxicity have been performed by WHO (1990) using data
from the Niigata episode and the Iraqi poisoning.  In the exposures in Japan, hair levels associated with
thresholds for neurotoxicity were estimated by WHO to be approximately 100 ppm.  Estimates of
threshold levels associated with paresthesia in the Iraqi episode indicate that the threshold level for
paresthesia is approximately 25 to 40 mg (total body burden).  This corresponds to blood levels of
approximately 250 to 400 �g/L and hair levels of approximately 50 �g/g.  Thresholds (total body
burden) estimated by Bakir et al. (1973) for other neurotoxic signs were 55 mg for ataxia, 90 mg for
dysarthria (difficulty with speech), 170 mg for deafness, and 200 mg for death.


A number of additional studies of human populations generally support the dose range of the
benchmark dose level for perinatal effects.  The designs for these studies as well as summaries of results
are given in section 3.3.1.1.  A few of the studies have data suitable for calculation of benchmark doses
as was done for the results of Marsh et al. (1987).  Table 6-10 compares one published benchmark dose
(on the New Zealand population) as well as several others calculated for the Mercury Study Report to
Congress.  Table 6-12 provides a compilation of NOAELs and LOAELs determined from inspection of
human data sets as well as other published comparable measures. 


A recent analysis of the Kjellstrom (Kjellstrom et al. 1986a, b,1989) data was published by
Gearhart et al. (1995).  In this analysis the authors used a PBPK model which incorporated a fetal
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compartment.  They calculated a benchmark dose on all 28 tests included in the initial study design by
Kjellstrom; this was done assuming values of 1 and 5% for background deficiency in test scores.  The
range of benchmark doses calculated was 10 to 31 ppm maternal hair mercury.  The authors’ preferred
benchmark was 17 ppm, for an estimated background incidence of 5% and the lower bound on the 10%
risk level (Table 6-10).


Table 6-10
Summary of Benchmark Doses (BMD) Estimated for Methylmercury


Study site Duration of n   Endpoint Benchmark Reference
Exposure (ppm maternal


a


hair mercury)


b


Iraq short term 81 all developmental 11 Marsh et al (1987);
(~ 3 mo) effects reported in this document


Marsh et al.(1987)


Iraq short term 81 all effects except 15 Marsh et al (1987);
(~ 3 mo) late walking, late this document


talking


Seychelles long term 789 DDST, abnormal 16 Meyers et al. (1995);
plus questionable this document
scores


New Zealand long term 237 all measures in 28 17 Kjellstrom et al.
tests (1986a, b, 1989);


Gearhart et al. (1995)


a n=number of subjects in analysis
b first reference is to source of data; second is to source of BMD calculation. 


Data have recently been published from the pilot (or cross sectional) study and testing of
children from up to age 29 months in the main or prospective study in the Seychelles (Myers et al.
1995a,b,c,d; Davidson et al. 1995).  The range of maternal hair mercury levels for the pilot study was 0.6
to 36.4 ppm; the range for the main study was 0.5 to 26.7 ppm.  The Among tests administered to the 60
month old children in the cross-sectional study was the Denver Developmental Screen Test (DDST)
(Myers et al. 1995b) which was included largely to provide a point of comparison with other population
studies (e.g. Kjellstrom et al. 1986a, b, 1989).  The frequency of abnormal plus questionable scores was
analyzed by multiple logistic regression which showed an association for increased frequency of non-
normal scores with increasing maternal hair mercury.  Results for the abnormal plus questionable scores
(Table 6-11) were used to calculate a benchmark dose as a lower 95% limit on a 10% effect level.  The
resulting estimate is 16 ppm maternal hair.  The study authors have commented that the main study,
which was done under more controlled circumstances, did not show any relationship between DDST-R
results and maternal hair mercury.
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Table 6-11
Results of Revised Denver Developmental Screening Test (DDST) 


Administered to Seychellois Children in Cross-sectional Studya


Result Maternal Hair Mercury, ppm


0-3 >3-6 >6-9 >9-12 >12 total


normal 114 209 169 107 122 721
(92.7) (92.5) (91.4) (93.0) (87.1) (91.4)


abnormal 0 1 1 0 1 3


questionable 9 16 15 8 17 65


abnormal plus 9 17 16 8 18 68
questionable (7.3) (7.5) (8.7) (7.0) (12.9) (8/6)


a Data from Myers et al. (1995b)


In a recent publication, Gearhart et al. (1995) proposed a RfD in the range of 0.8 to 2.5 µg/kg-
day based on their analysis of effects in a population of children in New Zealand.  This population was
assumed to be exposed in utero to methylmercury as a consequence of high fish consumption by their
mothers.  Gearhart et al. (1995) estimated that a maternal intake of methylmercury in the range of 0.8 to
2.5 µg/kg-day corresponded to a NOAEL for developmental effects.  These results support the U.S. EPA
estimate of maternal intake of 1 µg/kg-day methylmercury corresponding to a benchmark dose of 11 ppm
mercury in hair for developmental effects, prior to applying an uncertainty factor.  The primary area of
disagreement between Gearhart et al. (1995) and the U.S. EPA is in the use of an uncertainty factor.  The
authors felt that no uncertainty or modifying factors were needed as the NOAEL was calculated on
effects in a sensitive subpopulation.  U.S. EPA applied a 10-fold uncertainty factor to account for
interindividual variation in the human population (particularly in hair to blood mercury ratio) and for
lack of certain types of data.


The NOAEL was implicitly defined by Gearhart et al. (1995) as the lower 95% confidence
interval on the dose associated with a 10% change in the test scores from the New Zealand study
(Kjellstrom et al. 1989).  That is, the benchmark dose calculation was performed on continuous variables
by contrast to the binary variables from the Iraqi study (Marsh et al. 1987) used by the U.S. EPA.  The
qualitative equivalence of the two kinds of benchmark doses has not been established; both presumably
represent a minimum risk level as does a NOAEL. 


Using a hockey stick parametric dose response analysis of the data on delayed walking in the
Iraqi children, Cox et al. (1989) concluded that the "best statistical estimate" of the threshold for health
effects was 7.3 ppm mercury in hair with a 95% range of uncertainty between 0 and 14.  A more recent
analysis of the same data (Cox et al. 1995) focuses on the importance of four data points termed
influential for the estimation of the population threshold.  The newer analysis indicates that when a
background response rate of 4% is assumed, the threshold estimate is 9 ppm maternal hair (Table 6-12). 
The authors indicate that dose-response analyses based on the �late walking� endpoint are unreliable
because it relies on four influential observations in the data set from Marsh et al. (1978).  The data points
in question are the only responders below 150 ppm (mercury in hair).  In particular, Cox et al. (1995)
state that the four observations are isolated from the remainder of the responders and would be expected
to have considerable influence on threshold estimate.  This conclusion is based on a visual interpretation
of a plot of the data (Figure 2 in Cox et al. 1995).  Based on visual inspection of the same figure, an
argument could
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Table 6-12
Estimates of No Observed Adverse Effect Levels (NOAELs) and


Lowest Observed Adverse Effects Levels (LOAELs) from Human Studies


Study Site Exposure n Endpoint Estimate Estimate Reference
type in ppma


mercury
in hair


b


Iraq in utero 84 All developmental NOAEL 13 Marsh et al.
and post (1981); Marsh et
partum al. (1981)
/short term


Iraq in utero 81 All developmental NOAEL 7-10 Marsh et al.
/short term (1987); this


document


Iraq in utero 81 delayed walking LOAEL 14 Marsh et al.
/short term (1987); this


document


Iraq in utero 81 delayed walking best 7.3 Marsh et al.
/short term estimate (1987); Cox et al.


of (1989).
threshold


Iraq in utero 81 delayed walking best 9 Marsh et al.
/short term estimate (1987); Cox et al.


of (1995)
threshold


New in utero 237 IQ tests (WISC-R, threshold 5-15 Kjellstrom et al.
Zealand /long term TOLD) (1986a, b, 1989);


Lipfert (1994)


Canada in utero 247 deep tendon reflex LOAEL 2-15 McKeowin -
(Cree /long term Eyssen (1983);
population) Lipfert (1994).


Amazon adult/long 29 visual LOAEL 20 Lebel et al. (1995);
term discrimination this document


Niigata adult 430 Minimata disease threshold 25 Kinjo et al. (1995);
women/ this document
long term







Table 6-12 (continued)
Estimates of No Observed Adverse Effect Levels (NOAELs) and


Lowest Observed Adverse Effects Levels (LOAELs) from Human Studies


Study Site Exposure n Endpoint Estimate Estimate Reference
type in ppma


mercury
in hair


b
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Iraq, Cree, in utero multiple effects LOAEL 10-20 Marsh et al.
New /short and (1981), McKeowin
Zealand long term -Eyssen (1983),


Kjellstrom et al
(1986a, b, 1989);
Hoover et al 1997.


Seychelles in utero 217 Preschool LOAEL 12 - 36 Myers et al.
(pilot, 66 /long term Language Scale (1995a); this
month old (auditory document
children) comprehension)


Seychelles in utero 736 BSID NOAEL 12- 26.7 Davidson et al.
(main, 29 /long term 1995; this
month old document
children)


Seychelles in utero 736 Activity level, LOAEL 12- 26.7 Davidson et al.
(main, 29 /long term boys 1995; this
month old document
children)


Faroes in utero 917 Neuropsychologica LOAEL <10 Grandjean et al.
/long term l tests (1997); Grandjean


et al. (1997)


a Threshold and best estimate defined by author of estimate.
b First reference is to source of data; second is to source of analysis. 


be made that the separation is not that marked considering the first eight responders.  No quantitative
sensitivity analysis was performed to investigate the effect of removing one or more of these data points. 
Cox et al. (1995) point out that if the four points are assumed to represent background, then the threshold
for late walking would be greater than 100 ppm.  It would seem unlikely, however, that these
observations represent background given that no responses were observed in the 37 individuals with
lower levels of exposure.  It should be noted that the U.S. EPA benchmark dose was done on incidence
of all effects, rather than on late walking only.


Crump et al. (1995) reanalyzed data from the Iraqi methylmercury poisoning episode presented
in Marsh et al. (1987).  In their analysis, Crump et al. (1995) reported that the statistical upper limit of
the threshold could be as high as 255 ppm.  Furthermore, the maximum likelihood estimate of the
threshold using a different parametric model was presented as virtually zero.  These and other analyses
demonstrated that threshold estimates based on parametric models exhibit high statistical variability and
model dependency, and are highly sensitive to the precise definition of an abnormal response.
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Using a statistical analysis for trend that does not require grouping of the data, Crump et al.
(1995) demonstrated that the association between health effects and methylmercury concentrations in
hair is statistically significant at mercury concentrations in excess of about 80 ppm.  In addition, Crump
et al. calculated benchmark doses by applying dose-response models to each of the three endpoints:  late
walking, late talking and neurological score.  Unlike the benchmark calculations made by the U.S. EPA
(1994), these analyses did not involve grouping of the data into discrete dose groups, nor did they require
dichotomizing continuous responses like age first walked into "late walking" or "no walking."  Their
calculation of the 95% lower bounds on the hair concentration corresponding to an additional risk of
10% ranged from 54 ppm to 274 ppm mercury in hair.  Crump et al. (1995) concluded that the trend
analyses and benchmark analyses provided a sounder basis for determining RfDs than the type of hockey
stick analysis presented by Cox et al. (1989).  They felt that the acute nature of the exposures, as well as
other difficulties with the Iraqi data, present limitations in the use of these data for a chronic RfD for
methylmercury.


The Cox et al. (1995) and Crump et al. (1995) analyses deal primarily with one endpoint, late
walking.  This appears to be the most sensitive of the endpoints described in Marsh et al. (1978).  Both
Cox et al. and Crump et al., as well as the U.S. EPA analysis in Appendix D of  Volume V, show
considerable uncertainty in thresholds estimated from the data on late walking. The peculiar nature of the
uncertainty, in this case, makes it difficult to distinguish between 7 ppm maternal hair mercury and 114
ppm as a best (maximum likelihood) estimate for the threshold.  Cox et al. (1995) attribute this bimodal
uncertainty to four influential observations between 14 ppm and 60 ppm isolated from the remainder of
the responders beginning at 154 ppm; they do not present arguments, other than visual, for censoring
these data.  Crump et al. (1995) show that changing the definition of late walking from greater than 18
months to 18 months or greater eliminates the bimodal uncertainty with a best threshold estimate of 230
ppm.  The implication in both analyses is that the background incidence of late walking, as reported in
other studies, is not consistent with the lower thresholds.  While this is true, the use of historical controls
for this analysis may not be appropriate, given the relatively large number of observations at low
exposure levels in the Iraqi cohort; 33% of the observations were at hair mercury concentrations
considered to be background levels (3 ppm or less).


Late walking, as assessed in the exposed Iraqi population (Marsh et al. 1978), is almost certainly
a valid indicator of methylmercury toxicity but may be unreliable as the sole basis for detailed dose-
response analysis.  The primary reason for this may be the uncertainty in maternal recall for both birth
date and date of first walking.  The uncertainty in this particular case could be quite large, given the lack
of recorded information.  The primary impact of this kind of uncertainty would be on the response
classification of individuals at the upper bound of normal (18 months for first walking) and at the lower
bound of abnormal.  The lowest abnormal first walking time presented in Marsh et al. (1978) was 20
months.  The impact of assuming uncertainty in the classification of the observations in these two groups
is large given the large number of observations in the two groups (19 data points at 18 months and 8 data
points at 20 months).  The analysis in Appendix D to Volume V of the Mercury Study Report to
Congress shows that thresholds estimated for late walking are unstable when classification uncertainty is
considered.  The same kind of subjective uncertainty is applicable to the late talking endpoint, as well. 
The thresholds for late talking, however, are much more stable, statistically, as there are fewer
observations that are near the normal/abnormal threshold value of 24 months.


McKeown-Eyssen et al. (1983) observed a positive association between abnormal tendon
reflexes in boys and increasing maternal hair mercury.  This was a study of 234 Cree children between
the ages of 12 to 30 months residing in northern Quebec communities.  Average maternal hair mercury
for boys and girls was 6 ppm; the maximum was 24 ppm and  6% of the population had hair mercury
levels in excess of 20ppm.  A LOAEL of between 2-15 ppm maternal hair mercury was calculated by
Lipfert et al. (1996).  These authors felt that the McKeown-Eyssen et al. (1983) study provides only
marginal support for a LOAEL above 10 ppm; they concluded that part of the significance of the adverse
effects rests on the in (in their opinion) inappropriate inclusion of two observations of increased muscle
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tone in the 2-15 ppm group.  In a later paper, Hoover et al. (1997) reported that a LOAEL range of 10-20
ppm from this study was warranted.


Marsh et al. (1995) have published results of a study conducted between 1981 and 1984 in
residents of coastal communities of Peru.  The prospective study was of 131 child-mother pairs; testing
for potential effects of fetal methylmercury exposure was patterned after the study of children exposed in
utero in Iraq.  Peak maternal hair methylmercury ranged between 1.2 to 30 ppm with a geometric mean
of 8.3 ppm.  These authors showed no effects of methylmercury on measures similar to those performed
on the Iraqi children (including time of first walking and talking).  A NOAEL (in the absence of a
LOAEL) from this study would be 30 ppm maternal hair mercury (Table 6-12). 
   


Lebel et al. (1996) published a study of 29 young adults (less than 35 years of age) who resided
in villages on the Tapajos River, about 200 Km downstream of Amazonian gold-mining sites. Hair
mercury ranged from 5.6 ppm to 38.4 ppm; methymercury constituted between 72.2% and 93.3% of the
total.  The authors found that decreases in several measures of visual acuity (color discrimination loss,
contrast sensitivity and visual field reduction) were related to increased hair mercury. The authors note
that constriction of the visual field has been reported in other instances of mercury intoxication. 
Inspection of the data presented as charts indicates a LOAEL of about 20ppm.


Kinjo et al.(1995) have published an analysis of the relationship between hair mercury
concentration and the incidence of Minamata disease in Niigata, Japan.  Hair samples were collected in
1965 and analyzed by a colorimetric procedure. The population used in the statistical analyses consisted
of 147 males and 430 females.  The authors felt that the colorimetric method used to determine hair
mercury was not reliable at levels below 20 ppm.  Data on individuals with hair mercury less than 20
ppm were excluded from the analysis; these data, however were included in Figure 3 of the paper. 
Minamata disease was defined by criteria established for receipt of compensation by the Japanese
government medical committee (Tamashiro et al 1985).  Both hockey stick and logit models were
applied to obtain a range of threshold values of 24.7 to 49.3 for females; inspection of the graphed data
in Figure 3 indicates a threshold for Minamata disease in females between 20 and 30 ppm.  For males the
threshold estimates are between 43 and 48 ppm.


A pilot study (essentially a cross-sectional study) of developmental effects in a seafood
consuming  population in the Seychelles Islands focused on all children born between February 1989 and
February 1990.  A total of 804 mother-infant pairs were observed to have maternal hair mercury in the
range of 0.6 to 36.4 ppm with a median of 6.6 ppm (Myers et al. 1995b).  Children were tested once
between the ages of 5 and 109 weeks of age.  An association was found for in utero mercury exposure
and DDST-R abnormal plus questionable scores combined (Myers et al 1995b).  A benchmark dose was
derived on this data set as had been done on the Kjellstrom et al. (1986a, b, 1989) data.  The BMD (95%
lower bound on the 10% effect level) is 16 ppm maternal hair mercury (Table 6-10).


A subset of the pilot cohort (217 children) was evaluated at 66 months using the McCarthy
Scales of Children’s Abilities, the Preschool Language Scale, and tests from the Woodcock-Johnson
Tests of Achievement that were appropriate to the children’s age (Myers et al. 1995a).  The median
maternal hair mercury for this group was 7.11 ppm.  Mercury exposure (measured as maternal hair
mercury) was negatively associated with four endpoints:  the McCarthy General Cognitive Index and
Perceptual Performance subscale; and the Preschool Language Scale Total Language and Auditory
Comprehension subscale.  When statistically determined outliers and points considered to be influential
were removed from the analyses, statistical significance of the association remained only for auditory
comprehension.  If a decrease in the scores on the auditory comprehension test is considered an adverse
effect, a LOAEL from  this study would be in the range of 12-36 ppm maternal hair mercury.


The main study was designed to be prospective; children were evaluated at 6.5, 19, 29 and  66
months of age (data on the 66 month old children have not yet been published) (Shamlaye et al, 1995) . 
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In the group evaluated at 6.5 months, median maternal hair mercury was 5.9 ppm with a range of 0.5 ppm
to 26.7 ppm. No association with maternal hair mercury was found for any endpoint tested. (Myers et al.
1995c). Evaluations at 19 and 26 months were done on groups of 738 and 736 individuals, respectively
(Davidson et al. 1995).  Median maternal hair mercury was 5.9 ppm, and the range was 0.5 to 26.7 ppm.
Children were evaluated with the BSID at 19 months of age. No effects of mercury exposure were seen
on outcome of tests administered at 19 months.  At 29 months, children were administered the BSID as
well as the Bayley Infant Behavior Record. At 29 months there was an association between mercury
exposure and decreased activity level in male children only.  If the decrease in activity level is considered
an adverse effect, a LOAEL for the study would be in the range of 12-26.7 ppm maternal hair mercury
(Table 6-12).  If this study is considered non-positive a NOAEL would be in the range of 12-26.7 ppm
maternal hair mercury. 


The overall conclusion of the studies published to date is that it is yet unclear whether an
association exists between low level mercury exposure and neurologic deficits in children.  The study
shows a close correlation between maternal hair mercury and neonatal levels of mercury in brain tissue
(Cernichiari et al. 1995).  The authors cautioned in several papers that subtle neurologic and
neurobehavioral effects are more likely to be detected in older rather than younger children.  The overall
conclusion of the authors is that their results require careful interpretation, and that an association
between relatively low level mercury exposure in utero and neurologic deficits has not been
demonstrated. 


In 1986 a large study was initiated in the Faroe Islands on neurologic developmental effects of
methylmercury and PCB exposure in utero (Grandjean et al. 1997).  Subjects were a group of 917
children born between 1986 and 1987 and examined at about 7 years of age.  Mercury was measured in
maternal hair and cord blood, and a subset of cords was evaluated for PCBs.  The median maternal hair
mercury  concentration was 4.5 ppm, and 13% were greater than 10 ppm (Grandjean et al 1992a).  The
geometric mean cord blood mercury concentration for the group of children who completed the
evaluation was 22.8 ppm.  Significant  negative  associations were seen for several neuropsychological
tests.  Even after inclusion of covariates with uncertain influence on these tests, multiple regression
analysis indicated that 9/20 measures showed mercury related decrements (p< 0.05, one tailed). 
Application of a Peters-Belson adjustment resulted in significant mercury associations for 11/20
measures.    PCB determinations were done on a total of 436 cords, and PCB exposure was included as a
covariate in the regression analyses.  This had an effect only on the regression for the Boston Naming
Test. After exclusion of children with maternal hair mercury concentrations above 10 ppm, these
associations remained almost unchanged.  The authors concluded that in utero exposure to
methylmercury at levels below 10 ppm maternal hair mercury affects several domains of cerebral 
function; in particular, attention, language and memory (Grandjean et al. 1997).  Table 6.12 thus lists a
LOAEL for this study as less than 10 ppm maternal hair.


With the exception of the estimates for threshold for Minimata disease, the NOAEL, BMD and
threshold estimates (nine altogether) fall in a narrow range of  5-26.7 ppm maternal hair mercury.  This
is a large degree of overlap with the 11ppm BMD and provides a great deal of support for this estimate
based on the Iraqi data.  


Chronic rodent (e.g. Bornhausen et al. 1980) and nonhuman primate studies (e.g. Burbacher et al.
1984; Gunderson et al. 1986; Rice et al. 1989a,b) provide data to support estimated NOAELs and 
LOAELs for  developmental end points. The endpoints measured in these animal studies are relevant to
the types of toxicity which have been reported in children and they have been induced by dosing
protocols that are relevant to human exposures.  Experiments in nonhuman primates have identified
adverse effects of methylmercury exposure in these areas: sensory (visual, somatosensory, auditory),
cognitive (learning under concurrent schedules, recognition of faces), social play, and
schedule-controlled operant behavior. The sensory, cognitive, and motor deficits appear reliable over a
consistent range of doses in nonhuman primates exposed to methylmercury during development. 
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Table 6-13 lists NOAELs and LOAELs from animal studies.  As the RfD for methylmercury is
based on effects in children who were exposed in utero, it is particularly useful to consider
developmental effects in animals exposed to methylmercury.  NOAELs and LOAELs from selected
developmental studies of methylmercury in animals can be found in Table 6-14; a more complete
compilation is in section 3.3.3.8.
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Table 6-13
Estimates of NOAELs and LOAELs from Animal Studies


Species/
Strain/
No. per NOAEL,
Sex per Exposure LOAEL
Group Duration (mg/kg-day) Effects Reference


Rat/Wistar/ 0–12 or NOAEL =2; Hindlimb crossing after 0–12 days Inouye and
10 F 12–20 d, LOAEL=4 Murakami


1x/d 1975


Rat/Wistar/ up to 26 NOAEL = Ruffled fur, loss of balance, hindlimb Munro et al.
50 F, 50 M mo 0.05; crossing, paralysis after 6 mo (males 1980


LOAEL=0.25 more affected); demyelination of dorsal
nerve roots and damage in teased
sciatic nerves at 0.25


Swiss 28 wk LOAEL = 1.9 Ataxia; degenerative changes of MacDonald
origin Purkinje cells; granule cell loss in and
Mouse cerebellum Harbison
M 1977


Cat/Breed 11 mo LOAEL = Degeneration of cerebellum and Chang et al.
NS/15-16 0.015 cerebral cortex; necrosis of dorsal root 1974
both sexes ganglia of kittens fed mercury-


contaminated tuna


Cat/Breed 2 yr NOAEL = Impaired hopping reaction; decreased Charbonneau
NS/8-10 7 d/wk 0.020; LOAEL pain sensitivity; degeneration of dorsal et al. 1976
NS = 0.046 root ganglia 


Monkey/ 36–132 d NOAEL = Atrophy of neurons in calcarine cortex; Sato and
Macaca 1 x/d 0.02; LOAEL focal degeneration in sural nerves Ikuta 1975
fasciculari =, 0.03
s/1-2 both
sexes


Monkey/ 90-270 d Tremor; visual impairment Evans et al.
Macaca 1 x/wk NOAEL= 0.4; 1977
artoides, LOAEL =  0.5
Macaca
nemestrina
/2 both
sexes







Table 6-13 (continued)
Estimates of NOAELs and LOAELs from Animal Studies 


Species/
Strain/
No. per NOAEL,
Sex per Exposure LOAEL
Group Duration (mg/kg-day) Effects Reference
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Monkey/ �4 yr LOAEL=  0.05 Spatial visual impairment Rice and
Macaca 7 d/wk Gilbert 1982
fasciculari 1 x/d
s/5
exposed, 2
control
(sex NS)


Monkey/ �3 yr LOAEL = 0.04 Slight tremor; motor incoordination; Burbacher et
Macaca 1 x/d blindness ; time to onset was 177-395 d al. 1988
fasciculari
s/7-8 F


Monkey/ 6.5-7 yr LOAEL = 0.05 Six years after end of dosing (follow-up Rice 1989b;
Macaca 7 d/wk study to Rice and Gilbert 1982): Rice and
fasciculari 1 x/d decreased fine motor performance; Gilbert 1992
s/4 M, 1 F diminished touch and pinprick
exposed, 1 sensitivity; impaired high frequency
M, 2 F hearing (p<0.05)
controls
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Table 6-14
  NOAELs and LOAELs for Developmental Toxicity of Methylmercury in Animals


Species/
Strain/


No. per Sex per Exposure NOAEL, LOAEL
Group Duration (mg/kg-day) Effects Reference


Rat/Holtzman during LOAEL=2.5 Decreased visual evoked potential Zenick 1976
/5 F gestation, latencies for peaks in 30-day old


during pups exposed during gestation,
lactation, during lactation, or during postnatal
or days 21-30.
postnatal
days 21-
30


Rat/Charles 47 d NOAEL=0.7, Ultrastructural changes, dose- Fowler and
River CD/ prior to LOAEL=1.4 related decrease in biochemical Woods 1977
20 F and activity in mitochondria of fetal


during hepatocytes 
gestation


Rat/Long- Once LOAEL=4 Increased P1-N1 amplitudes and Dyer et al.
Evans/4 Gd 7 decreased P2 and N2 latencies of 1978
exposed, 6 cortically visual evoked potential
control


Rat/Wistar- 4 d LOAEL=0.04 Impaired ability to perform operant Musch et al.
Neuherberg/ Gd 6-9 conditioning procedures (number 1978
No. F. NS of responses on lever required in


specified period of time) (


Rat/Wistar/10 4 d NOAEL=0.004, Reduction in behavioral Bornhausen et
F 1 x/d LOAEL=0.008 performance in offspring of treated al. 1980


Gd 6-9 mice following operant
conditioning


Rat/Sprague- 4 d NOAEL=1.6, Delayed vaginal patency, delayed Vorhees 1985
Dawley/ 1 x/d LOAEL=4.8 surface righting, retarded
15-19 F Gd 6-9 swimming development, lower


activity, impaired complex water
maze performance.  Increased
mortality of pups at 1-21 days of
age







Table 6-14 (continued)
NOAELs and LOAELs from Developmental Toxicity of Methylmercury in Animals


Species/
Strain/


No. per Sex per Exposure NOAEL, LOAEL
Group Duration (mg/kg-day) Effects Reference
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Rat/Wistar/ during NOAEL=0.2, Increase in response latency in Schreiner et al.
38 M, 38 F gestation LOAEL=0.6 male (p<0.05) and female pups 1986


and (p<0.01) and in passiveness
lactation (p<0.05) in visual discrimination


reversal task 


Rat/HAN- 13 days LOAEL=0.2 Delayed sexual maturity (vaginal Suter and
Wistar/10 F prior to opening and testes descent) Schön 1986


mating
until
post-
natal day
21


Rat/Wistar/16 2 wk LOAEL=0.08 Impaired tactile-kinesthetic Elsner 1991
F prior to function (p�0.05) 


mating
through
weaning


Mouse/SvSl/ Once LOAEL=0.16 Impaired swimming ability and Spyker et al.
No. F NS Gd 7 or 9 open-field behavior (p<0.05) in 30- 1972


(i.p.) day old pups. 


Monkey/ approx. LOAEL=0.04 Impaired visual recognition Gunderson et
Macaca 1-3 yr 1 memory (data pooled from both al. 1988
fascicularis/9 x/d prior groups of infants of exposed
F exposed, 8 to mating mothers) compared to unexposed
F control through controls; test performed at 50-60


gestation days of age.


Monkey/ approx. 4 LOAEL=0.04 Decrease in social play behavior Gunderson et
Macaca mo to 2 and concomitant increase in al. 1988
fascicularis/ yr 1 x/d nonsocial passive behavior
12 F exposed, prior to compared to unexposed controls;
13 F control mating tests performed at 2 weeks to


through 8 months of age.
gestation 







Table 6-14 (continued)
NOAELs and LOAELs from Developmental Toxicity of Methylmercury in Animals


Species/
Strain/


No. per Sex per Exposure NOAEL, LOAEL
Group Duration (mg/kg-day) Effects Reference
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Monkey/ 4-4.5 yr LOAEL=0.01 Spatial visual impairment Rice and
Macaca 1 x/d in Gilbert 1990
fascicularis/5 utero and
mothers postnatal


ly


Monkey/ 6.5-7 yr LOAEL=0.05 Six years after end of dosing Rice 1989b;
Macaca 7 d/wk (follow-up study to Rice and Rice and
fascicularis/4 1 x/d Gilbert 1982); decreased fine motor Gilbert 1992
M, 1 F performance; diminished touch and
exposed, 1 M, pinprick sensitivity; impaired high
2 F controls frequency hearing (p<0.05).


Monkey/ unspecifi NOAEL=0.08 No effect on spatial memory of Gilbert et al.
Macaca ed period adult offspring of animals treated 1993
fascicularis/ prior to with methylmercury hydroxide
23 F mating (data pooled from 24 animals, all


through treated groups).
gestation


Monkey/Saim week 11 LOAEL=0.7 to Monkeys exposed in utero tested Newland et al.
iri sciureus/3 or 14.5 0.9 ppm (on learned lever pulling activity) 1994
F until methylmercury at ages 5-6 yr.  decreased


parturitio in maternal sensitivity to degrees in
n blood reinforcement; change in


reinforcement degree resulted in
either no behavior change or slow
change by comparison to controls.


At least three long term studies of non-human primates exposed in utero or as infants have been
undertaken. Description of the study populations (adapted from Rice 1996) is given in Table 6-15.


Postnatal, pre-pubescent exposure of the primates approximates the exposures experienced by
human children in both the short term (e.g. Iraq) and long term, steady state (e.g. Seychelles) scenarios
used in risk assessment.  According to Guidelines for Risk Assessment established by the U.S. EPA
(1991), exposures of organisms until the time of sexual maturation should be considered in the
assessment of developmental toxicants. 


Exposure of monkeys to methylmercury during development has produced effects on sensory
systems; visual, auditory and somatosensory changes have been observed. These changes were
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apparently permanent.  There were inter-individual variations in the degree and type of impairment. 
These observations have implications for human studies in that they emphasize the necessity of assessing
the function integrity of multiple sensory systems. 


Rice (1996) noted that delayed neurotoxic effects were observed in monkeys six years after
exposure was stopped.  This was expressed as clumsiness and decreased ability to grasp a variety of
objects when the animals were 13 years old.  The author pointed out the relevance of this finding to the
potential for neurodegenerative disease development in aging humans exposed to methylmercury earlier
in life.  There is increasing evidence, from Minamata and other exposures, that degenerative processes
associated with aging are exacerbated by mercury exposure (Igata 1993; Schantz et al. 1996).


Monkeys exposed to methylmercury in utero showed variable effects on cognitive processes
(Rice 1996).  These animals were delayed in development of object permanence (ability to conceptualize
the existence of a hidden object) and recognition memory (recognition of faces).  These abilities,
however, did not appear to be impaired in adult animals.  The methylmercury effect appears to have been
a developmental delay rather than a permanent impairment.  The emotional and social sequelae of a
similar reversible developmental delay in humans is not known.  Newland et al. (1994) demonstrated a
persistent learning impairment in a group of three squirrel monkeys (Saimiri sciureus) exposed to
methylmercury in utero.  They concluded that the toxic effect led to insensitivity to changes in the
consequences of behaviors. 
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Table 6-15 
Studies in Non-Human Primates 


Investigators /Exposure schedule dose n Total blood mercury in ppm
µg/kg/d


Rice and co-workers 0 5 peak at 200 Steady state


birth- 7 yrs <0.1
days <0.1


50 5 1.2 0.7


in utero - 4yrs 0 5 mothers birth Steady state
<0.1 <0.1 <0.1


10 1 0.3 0.5 0.2


25 2 0.7 0.9 0.4


50 5 1.4 2.7 0.7


Gunderson, Burbacher et al. 0 12 mothers birth
in utero


50 12 1.1 1.6


Newland et al 0 3 mothers birth
in utero


3 0.7 - 0.9


The study of visual psychophysics provides information about function and dysfunction in the
visual system, which can be applied to studies in humans. For example data on contrast sensitivity
functions in non-human primates provide links between important features of visual function as
expressed in behavior and the neural mechanisms underlying vision.   The learning impairments
observed in behavior under concurrent schedules not only raise concerns about cognitive effects of
methylmercury exposure but also point to behavioral mechanisms by which these effects occur.  Results
suggesting methylmercury-related deficits in the visual recognition of faces are congruent with
well-established areas of neuroscience that show how higher-order functioning is accomplished in the
primate sensory (including visual) cortex.  These results point to links between the integration of
complex visual information and  higher order cognitive abilities. 


The sensory and motor deficits observed in animals exposed to methylmercury indicate that the
exposed individual is missing the full complement of important capabilities. There are implications for
the adversity and long-term impact of some of the subtle changes in cognitive ability noted in children
exposed to mercury in utero.  This research is leading to the recognition that forms of learning and
reading dysfunction in people can be traced to subtle alterations in sensory systems; these findings raise
concerns about deficits in functional domains not traditionally linked directly to sensory function.  The
motor deficits are consistent with neural systems that are affected by methylmercury and, therefore,
indicate non-trivial impairment of the individual.  Whether the cognitive endpoints are traceable to this
sensory loss remains to be determined, but some, such as the learning deficits under concurrent schedules
or alterations in fixed-interval schedule performance may be independent of such loss.
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The rodent studies support conclusions drawn from non-human primates, although the results are
not always as consistent.  Rats have most often been used, and the endpoints identified to date have
usually been less specific than those examined in the primate literature.  Deficits in schedule-controlled
operant behavior (Bornhausen et al. 1980;  Schreiner et al. 1986) and subtle characteristics of motor
function (Elsner 1991)  have, however, been reported. The rodent studies generally find effects at doses 
predictable from a consideration of the kinetics of methylmercury in these species and the sensitivity of
the procedures used.  Data on cognitive function generally show only weak effects and at high dose. 
Most often observed have been deficiencies in motor function. Sensory system function has not been as
extensively tested, although there have been reports of effects for in utero exposure on visual evoked
potentials (Zenick 1976; Dyer et al. 1978). 


Rice (1996) used data from animal studies described above to derive RfDs for methylmercury.
She identified LOAELs (in the absence of a NOAEL) of 0.01 to 0.05 mg/kg/day from the studies of
effects in monkeys exposed in utero and/or post partum.  Standard U.S.EPA methodology was followed
in the application of 10-fold uncertainty factors for the following: variability in human populations,
extrapolation from animal data and use of a LOAEL in the absence of a NOAEL.  Dividing by the
uncertainty factor of 1000 results in a range of RfDs of 0.01 to 0.05 µg/kg/day.  If one uses the rat data, a
NOAEL of 0.005 mg/kg/day is identified and two 10 fold uncertainty factors are most appropriate (for
human variability and extrapolation from animal data).  The resulting RfD would be 0.05 µg/kg/day. 
RfDs based on use of sensitive, but relevant, endpoints measured in animals are 5- to 10-fold lower than
those calculated from data in humans.  This leads to a conclusion that the RfD based on observation of
clinical and other effects in Iraqi children is not unduly conservative. 


Uncertainty in the dose conversion (maternal hair mercury to dietary intake)


It was assumed in the derivation of the RfD that there was no substantial difference in
pharmacokinetics of methylmercury as a consequence of the food medium in which it is presented to
humans.  The recent SAB report (U.S.EPA 1997) makes the following statement. 


There is no compelling evidence to suggest that the toxicokinetics of methylmercury (MeHg)
ingested in grain (as in the Iraqi poisoning episode) is different from that resulting form ingestion of fish
(the typical exposure route of humans).  The best evidence for this is a study in which cats were fed
contaminated fish, control fish, or MeHg in a non-fish diet (Charbonneau et al., 1974).  No differences
were observed in degree of MeHg neurotoxicity, latency to toxicity (ataxia), tissue levels or distribution
of Hg.


Gearhart et al. (1995) applied a PBPK model to their benchmark dose calculated in ppm maternal
hair mercury from the Kjellstrom et al. (1986a, b, 1989) data.  Details of the application of this model
were not provided in the publication.  A dose-conversion factor of about 0.05 [ppm mercury in
hair/(µg/kg-day)] can be estimated from Figure 5c in Gearhart et al. (1995).  Applying this factor to the
benchmarks of 17 to 50 ppm mercury in hair yields the reported intake range of 0.85 to 25 µg/kg-day. 
Although this dose-conversion factor is about half of that estimated by the U.S. EPA, the two estimates
are consistent when duration of exposure is considered.  The Gearhart et al. (1995) pharmacokinetic
model predicts that equilibrium is not reached until about 400 days.  The dose conversion of 0.05
corresponds to hair mercury levels at equilibrium and is the appropriate factor to apply to the New
Zealand hair concentrations, which arose from longer-term exposure.  In contrast, the Iraqi exposure was
only for a few months (Marsh et al. 1978).  A dose conversion of about 0.1, which is virtually the same
as that used by the U.S. EPA, can be estimated for a 3-month exposure from Figure 4 in Gearhart et al.
(1995) and from Sherlock et al. (1984) assuming a hair:blood mercury concentration ratio of 250:1.


In their 1994 Toxicological Profile, ATSDR used the analysis reported by Cox et al. (1989), (see
discussion below) of the Iraqi developmental data in the derivation of an intermediate MRL (minimal
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risk level).  Using delayed onset of walking as the critical effect, a LOAEL of 14 ppm mercury in hair
was determined.  A dose conversion from ppm hair to daily intake to maintain blood mercury levels in
pregnant women was done in a very similar manner to that employed by U.S. EPA.  Values for
parameters in the equation on page 6-18 were consistent between the two Agencies with one exception;
namely the use of a blood volume of 4.1L by ATSDR compared to 5L by U.S. EPA.  The methylmercury
intake level calculated by ATSDR to maintain a hair level of 14 ppm is 1.2 �g/kg-day compared to 1.1
�g/kg-day to maintain a hair level of 11 ppm (used by U.S. EPA).


ATSDR (1997) has recently released for public comment an updated Toxicological Profile with
a revised Minimal Risk Level (MRL) for methylmercury.  In their dose conversion, they used the
following values:  hair:blood ratio = 250; body weight = 60 kg; blood volume = 4.2 L; elimination
constant = 0.014; absorbed dose found in the blood = 0.05; absorption factor = 95%.


The state of New Jersey currently uses an RfD of 0.7x10  mg/kg-day (described in Stern 1993)-4


compared to the U.S. EPA's RfD of 1x10  mg/kg-day.  The critical effect chosen was developmental-4


endpoints in the Iraqi children exposed in utero including delayed onset of walking.  A recent discussion
of this RfD was presented in the context of the external peer review of the Mercury Study Report to
Congress.  Stern described the LOAEL as the mercury hair level equivalent to a mercury blood level of
44 �g/L.  To determine the intake level, the equation on page 6-18 was used but with different values for
two parameters; namely, b and f.


= 0.70 �g/kg-day


Choice of the value of 0.077 for f, fraction of daily intake taken up by blood was based on a
paper by Smith et al. (1994) which was not published at the time of the RfD/RfC work group discussions
and was not considered by them in choosing the parameter values.  Smith et al. (1994) (described briefly
in chapter 2 of this volume) presents a study of methylmercury excretion kinetics based on measurement
of i.v. administered methylmercury (1.7-7.4 µg) in blood, urine and feces of 7 male volunteers.  The
authors claim that data from this study are superior to those from previous studies in accounting for the
portion of the labeled mercury which is metabolized to inorganic mercury.  Based on the linear
extrapolation of the plot of blood concentration of methylmercury versus time, the authors calculated that
approximately 7.5% of the methylmercury remained in the blood following rapid equilibration among
tissue compartments.  Based on fitting the experimental data to a five compartment pharmacokinetic
model, they calculate that 7.7% (geometric mean) of the methylmercury is found in the blood.  It should
be noted that the values for this parameter among the seven subjects ranged from 6.5-9.5%.


Smith et al. (1994) taking conversion to inorganic mercury into account, reported an overall
estimate (geometric mean) of the half-life in blood (methylmercury-specific as per discussion in previous
paragraph) of 45 days (0.015 days ).  The half-lives (elimination constants) for the 7 subjects ranged-1


from 35 days (0.020 days ) to 53 days (0.013 days ).  Stern (1993) notes the half-life reported by Cox et-1 -1


al. (1989) was 48 days with a range of about 18-37.  This corresponds to a value for b of 0.0144 day . -1


The mean value is not reported by Cox, but a Monte Carlo simulation of the data estimated a mean of
about 47 days.  The most frequently reported value (mode), however, was 55 days corresponding to a
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value for b of 0.013 day .  Ultimately the value of b = 0.013 day  was chosen by Stern as the most-1 -1


"typical" value.


Uncertainty factors


The current RfD was derived by application of an uncertainty factor of 10.  This was intended to
cover three areas of uncertainty:  lack of data from a two-generation reproductive assay; variability in the
human population, in particular the wide variation in biological half-life of methylmercury and the
variation that occurs in the hair to blood ratio for mercury; and lack of data on long term sequelae of
developmental effects.  There was no factor applied for sensitive subpopulations as data were obtained
from exposure to a sensitive human group; namely, the developing fetus. 


The interpretation by some risk assessors is that the effects noted in the Iraqi population exposed
to contaminated grain are not being seen at similar doses of methylmercury delivered in utero via
contaminated seafood.  One assessment by a scientist at FDA is that the U.S. EPA RfD of 1.0x10-4


mg/kg-day for methylmercury is somewhat conservative and is certainly protective; a suggestion was
made that the uncertainty factor could be decreased to 3, resulting in a RfD of 3.0x10  mg/kg-day.-4


Stern (1997) did an analysis of the degree of uncertainty associated with interindividual
variability applied to the dose conversion from maternal hair mercury to ingested daily dose of
methylmercury.  His conclusion was that a calculated ingested dose intended to be inclusive of 95-99%
of women 18-40 years old would be 0.1 to 0.3 µg/kg/day (by contrast to EPA’s calculated 1 µg/kg/day). 
His recommended uncertainty factor of three (for lack of reproductive data and data on long-term
sequelae) would result in a RfD of 0.01 to 0.03 µg/kg/day. 


ATSDR has recently released for public comment an updated Toxicological Profile with a
revised Minimal Risk Level (MRL) for methylmercury.  This report chooses as a NOAEL the median
maternal hair mercury reported by Davidson et al. (1995) for the 29 month old Seychellois children
tested with the BSID and Bayley Infant Behavior record.  The Toxicological Profile characterizes the
reported decrease in the male children’s activity level as not adverse and chooses use of a midpoint of all
measured maternal hair levels rather than the highest measure or median of the top quartile. An
uncertainty factor was not used to account for human variability. 


The recent review of the Mercury Study Report to Congress by the SAB recommended that EPA
consider information suggesting that the uncertainty factor applied to the Iraqi data be increased.  Their
arguments are as follows.


For example, the Faeroe Islands data (also animal data) indicates that the fetal exposure may be
greater than maternal exposure.  In this study fetal cord blood mercury levels averaged 80.2 ppb while
maternal blood levels were only 38.1 ppb.  Animal data supports that the fetus may act as a sink for
mercury.  The report extensively reviews blood mercury kinetics  but has little to say about fetal brain
mercury levels.  Although the data are slight there are indications from recent monkey studies that the
brain mercury half-life is very long (Vahter et al. 1995).  The RfD for MeHg is based on results from an
acute exposure study while most MeHg exposure is thought to be long term.  This may be an additional
reason to increase the uncertainty factor.  There are also indications of age related changes where MeHg
may accelerate neurodegeneration associated with aging from human data (Igata, 1993) and animal data
(Rice 1989a; 1989b)).  In evaluating neurotoxic effects from low exposures such as with methylmercury,
it must be remembered that few individuals may actually demonstrate clinical signs of disease but many
individuals may suffer subtle changes which can produce total population effects.


Risks among subpopulations 
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The recent review by the SAB of the Mercury Study Report to Congress discusses at some length
the likelihood that there are differential responses among human subgroups.  That discussion is excerpted
below. 


Effect modification occurs when, at equal doses of a toxicant, adverse outcomes are observed in
some members of a population but not others.   The affected individuals may possess one or more
distinctive characteristics such as age (stage of development), gender, social class, or certain premorbid
health factors (e.g., diabetes, liver disease, pulmonary dysfunction) or genetic predisposing factors that
are not well represented in unaffected members of the population.


Most studies of effects of environmental agents on child development have treated potential
effect modifiers as covariates or confounders in multiple linear regression models without interaction
terms models, or as matching variables in comparing so-called �exposed� and �unexposed� groups. 
Interactions are infrequently explored or are dismissed.


The animal literature, however, presents numerous examples of neurotoxicity enhancement or
buffering as a result of species, strain, drug, and physical and social environmental interactions.  An
example from the methylmercury literature is the phenomenon of male susceptibility.  Studies have
shown that the relative risk of perinatal morbidity and mortality is higher in human males (Abramowizc
and Barnett 1970; Naeye et al, 1971), including the risk of poor reproductive outcomes and postnatal
development due to fetal exposure to industrial pollutants (Scragg et al. 1977; McKeown-Eyssen et al.
1983).  Males also have a higher rate of cognitive developmental disability in the general population
(Gross and Wilson 1974) and display more profound intellectual deficits as a result of cortical lesions
(Bornstein and Matazarro 1984; Inglis and Lawson 1981).  The McKeown-Eyssen et al. (1983) study
reported gender-related differences including dose-related deficits in sensorimotor behaviors assessed in
the BSID and increased prevalence of abnormal muscle tone and deep tendon.  The latter effect was not
associated with methylmercury dose in females.  In the Iraqi poisoning more severe neurological effects
were observed in male children (Marsh et al. 1987).  Animal experiments have also observed sex
differences in neurodevelopmental vulnerability.  For example, in  Sager et al. (1984) a single low dose
of methylmercury administered to neonatal mice resulted in mitotic arrest in cells of the granule layer of
the cerebellum only in males.


There is evidence that lifestyle factors such as the quality of the home environment and nutrition
play a role in the expression of developmental neurotoxicity.  The literature on connections between
social factors and methylmercury toxicity is sparse.  Studies on lead, however, have found greater
neurocognitive deficits in exposed individuals from the lowest socio-economic groups (e.g., Bellinger et
al. 1989; Dietrich et al. 1987; Harvey et al. 1984; Lansdown et al. 1986).


The positive nutritional factors of a seafood diet may be a factor in the greater delay in the onset
of the Minamata as compared to the Iraqi outbreaks.  Early results from the Faroe Islands studies have
shown a positive association between cord blood methylmercury concentrations and birth weight
(Grandjean et al. 1992; Grandjean et al. 1995).  The authors attribute the finding to the benefits of n-3
polyunsaturated fatty acids in a high seafood diet and to the benefits of breast-feeding which, in itself,
can lead to higher methylmercury intake by the infant.


The protective effects of genetic and environmental factors may be expressed in the studies of
Seychellois children (Davidson et al. 1995).  At 19 and 29, months scores on the Psychomotor
Development Index (PDI) were very negatively skewed.  The mean PDI scores at 19 and 29 months were
1.7 and 1.3 standard deviations above the United States means of 100 +/- 16 points respectively.  That is,
means for the PDI recorded for Seychelles children  are above what would be classified as �accelerated
performance� on these scales.  The �developmental health�  of this population  is also reflected in the
small number of subjects attaining abnormal scores on the DDST-R by comparison to samples in the
United States.  Only 3 out of 737 individual examinations or 0.4% were rated as abnormal (i.e., below
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the 10th percentile for U.S. norms).  Accelerated motor development has been noted in previous studies
of African cultures and is also observed in African-American infants under two years of age.


The conclusion of the SAB, however, was that �the data regarding effect modification in human
epidemiologic studies of mercury poisoning are currently too meager to base separate estimates of
human health risks or establish different RFD’s for various subpopulations.�


Other areas of uncertainty


Birth date uncertainty would have an impact on exposure uncertainty if correspondence of
exposure and gestation was estimated (Marsh et al. 1978) from birth date to any great extent.  That is,
exposure may have occurred to a lesser extent (or not at all) than assumed during the critical period of
gestation.  The result would be a lower exposure associated with the observation, depending on the width
of the critical time window during gestation and on the importance of duration of exposure in the
elicitation of the particular effect.  If the exposure occurred after the critical period, any observation of an
effect would be attributed to causes other than methylmercury and be included in the background.


Several scientists have suggested that a developmental toxicity RfD is needed for
methylmercury.  This may not be necessary, however, if the critical effect is developmental toxicity and
the uncertainty factors used to estimate the lifetime RfD do not involve an adjustment for less than
lifetime exposure nor lack of complete data base.







RfC �


LOAEL mg Hg/m 3


UF


�


0.009 mg/m 3


30
� 0.0003 mg/m 3
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6.3.1.2 Inhalation Reference Concentrations (RfCs)


Elemental mercury


The U.S. EPA has determined an RfC of 3x10  mg/m  for elemental mercury (U.S. EPA 1994). -4 3


The inhalation RfC is based on neurologic toxicity observed in several human occupational studies.  The
observed neurologic changes included hand tremor, increases in memory disturbances and slight
subjective and objective evidence of autonomic dysfunction.  Fawer et al. (1983) measured intention
tremor (tremors that occur at the initiation of voluntary movements) in workers exposed to a TWA
concentration of 0.026 mg/m  over an average of 15.3 years.  It was noted, however, that the tremors3


may have resulted from intermittent exposures to concentrations higher than the TWA.


Piikivi and colleagues conducted several studies in chloralkali workers on electroencephalogram
(EEG) abnormalities (Piikivi and Toulonen 1989); subjective measures of memory disturbance and sleep
disorders and objective disturbances in psychological performance (Piikivi and Hanninen 1989); and
subjective and objective symptoms of autonomic dysfunction such as induced pulse rate variations and
blood pressure responses (Piikivi 1989).  U.S. EPA extrapolated an occupational exposure level
associated with these neurological changes of 0.025�0.030 mg/m  from blood levels, based on a3


conversion factor calculated by Roels et al. (1987).  The LOAEL (0.025 mg/m  adjusted to 0.009 mg/m3 3


for continuous exposure of the general population) was divided by an uncertainty factor of 30 (10 to
protect sensitive individuals and for use of a LOAEL, and 3 for the lack of reproductive studies in the
database) to yield the RfC of 3x10  mg/m .-4 3


The RfC was, thus, calculated in the following way.


This reference concentration was reviewed and verified by the RfD/RfC Work Group and was
verified on April 19, 1990.  It was released under a special action by U.S. EPA (Jarabek 1992, personal
communication).


Confidence in the critical study, the data base, and, thus in the RfC were rated "medium" by the
Work Group.  Factors which were positive for confidence in the critical study were the use of a sufficient
number of human subjects, inclusion of appropriate controls, sufficient exposure duration and that the
LOAEL can be corroborated in other studies.  It was noted, however, that for all but one of the studies,
exposure had to be extrapolated from blood mercury levels.  The lack of human or multispecies
reproductive or developmental studies precluded higher confidence in the data base.


Inorganic (mercuric) mercury


Developmental toxicity (skeletal abnormalities and retarded growth) in mice (Selypes et al.
1984) and autoimmune disease in Brown-Norway rats (Bernaudin et al. 1981) have also been observed
following inhalation exposures.  Due to the limitations of these inhalation studies and the inadequacy of
the remaining toxicologic and pharmacokinetic data bases, the RfD/RfC Work Group determined the
derivation of an RfC is not possible.  The posting of this determination on IRIS is proceeding concurrent
with the finalization of this Report to Congress.
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Methylmercury


No estimate of risk from inhalation of methylmercury has been done by U.S. EPA.


6.3.1.3 Estimation of Risk from Dermal Exposure


The dermal contribution of the different mercury species to the total systemic exposure of each
of these mercury species may be important for a full characterization of risk to the potentially exposed
human populations.  Many of the necessary data needed for conducting a dermal risk assessment are
currently lacking or not well enough understood to assess systemic exposure and risks from dermal
exposure to mercury species.


For any of these mercury species to be a dermal health hazard they must be absorbed across the
skin (epidermis and dermis) and be systemically distributed to the affected critical organ systems
(kidneys or CNS) via the circulatory system.  The percutaneous absorption for each mercury species is
dependent on skin-specific factors (e.g., skin thickness, hydration, age, condition, circulation, and
temperature) and compound-specific factors (e.g., lipophilicity, polarity, chemical structure, volatility,
and solubility), which are involved in determining the rate and amount of absorption by the cutaneous
route.  Currently there are few known or agreed upon percutaneous absorption rates available for any of
the mercury species of interest.  Some data on percutaneous absorption (Kp = Permeability coefficient)
for the mercuric forms of mercury in aqueous media have been reported in U.S. EPA (1992).


The media (aqueous, vapors or soil) where the mercury species are found must also be
considered in dermal risk assessments.  Each medium has its own set of factors that impact the specific
percutaneous absorption rates for each of the mercury species.  For example, mercury compounds found
in aqueous media are dependent on factors such as solubility in water and increased hydration of the
skin.  Mercury compounds associated with soil must be assessed for binding to the particular soil type of
concern, the adhesion of the soil of concern to skin, the desorption of the mercury compound from the
soil, and the absorption of the mercury compound across the skin and into the circulatory system.  Other
aspects that must be considered with a dermal assessment are binding or sequestration of the mercury
species at the site of exposure or closely nearby, and the metabolism of the mercury species in the skin
that may result in oxidation/reduction of the mercury species to other valence states (thereby, potentially
resulting in different critical effects than from the originally absorbed compound).


At present, many of the necessary mercury species/media factors have not been fully ascertained
and as a result credible dermal risk assessments cannot be accomplished at this time.  A more extensive
discussion of dermal exposure assessment for risk assessment can be found in Dermal Exposure
Assessment:  Principles and Applications (EPA/600/8-91/011B, January 1992).  
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6.3.2 Developmental Effects


6.3.2.1 Elemental Mercury


Elemental mercury was judged to have sufficient animal data for developmental toxicity.  The
two studies which contribute most to the level of concern are Danielsson et al. (1993) and Fredriksson et
al. (1992).  Both of these studies are limited as a basis for an RfD  by the small numbers of animalsDT


tested and by the very few dose groups.  A further limitation is lack of data on gender differences.  No
RfD  for elemental mercury is available at this time.DT


6.3.2.2 Inorganic Mercury


There are no data from human studies which are suitable for derivation of an RfD . InspectionDT


of available animal studies indicates that there are five reports of developmental effects of inorganic
mercury given orally.  In all of these, exposure was by gavage to pregnant animals, and effects were
monitored in progeny.  Three papers were reported as abstracts giving few experimental details.


Rizzo and Furst (1972) treated Long Evans rats (5/group) with a single gavage dose of 2 mg
Hg/kg as mercuric oxide on either day 5, 12, or 19 of gestation.  Animals were sacrificed on day 20 or 21
of gestation.  No effects of treatment on gestation day 12 or 19 were noted.  According to the authors
treatment on day 5 resulted in a higher percentage of growth retardation and inhibition of eye formation,
but no statistical analyses were done.


In Gale (1974), pregnant Golden hamsters were administered 0, 2.5, 5, 16, 22, 32, 47, or 63 mg
Hg/kg-day mercuric acetate via gavage on gestation day 8.  When the pregnant animals were sacrificed
on day 12 or 14, there was a significant increase in the incidence of abnormal fetuses including small,
retarded, or edematous (combined), and/or malformed fetuses.  The NOAEL for developmental toxicity
was 5 mg mercuric chloride/kg or 2 mg Hg/kg.  Maternal toxicity included dose-related weight loss,
diarrhea, slight tremor, somnolence, tubular necrosis and hepatocellular vacuolization, but insufficient
data were provided to allow determination of a LOAEL or NOAEL for maternal toxicity.


The advantage of the Gale (1974) study as a basis for quantitation of potential risk is that several
doses of inorganic mercury were tested; the spacing of the doses was adequate for identification of both a
LOAEL and NOAEL.  It is not recommended, however, that the NOAEL in Gale (1974) serve as the
basis for an RfD .  There were relatively few animals tested (decreasing the overall sensitivity of theDT


assay) and not all endpoints were thoroughly evaluated.  The test compound was administered on only
one day of gestation, and there is some question as to the suitability of the golden hamster for
developmental assays.  The data base for developmental effects, while generally supportive of the
LOAEL is not adequate to determine if the measured endpoints were the most sensitive for
developmental effects of inorganic mercury.


6.3.2.3 Methylmercury


Weight of evidence for developmental toxicity indicates that a developmental toxicity RfD is
appropriate for methylmercury.  A separate RfD  may not be necessary as the critical effect for theDT


lifetime RfD is developmental toxicity.  The current RfD (1x10  mg/kg-day) was based on-4


developmental endpoints in offspring of women exposed during pregnancy; it may be taken as protective
against developmental toxicity.  For less than chronic exposures it should be noted that the RfD  is notDT


intended as a lifetime exposure value.


6.3.3 Germ Cell Mutagenicity
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Data do not support the generation of quantitative estimates for germ cell mutagenicity for any
form of mercury.


6.3.4 Carcinogenic Effects


6.3.4.1 Elemental Mercury


Elemental mercury is categorized as D, unable to classify as to human carcinogenicity.  A
quantitative estimate for carcinogenic effect is, thus, inappropriate.


6.3.4.2 Inorganic Mercury


Quantification of the potential carcinogenic effects of mercuric chloride (classified as C, possible
human carcinogen) was not done.  No increase in tumor incidence was observed in a carcinogenicity
study in which white Swiss mice were given 0.95 mg Hg/kg-day as mercuric chloride in drinking water
(Schroeder and Mitchener 1975).  No statement regarding carcinogenicity was reported in a 2-year
feeding study in which rats were administered mercuric acetate in the diet at doses of 0, 0.02, 0.1, 0.4,
1.7 and 6.9 mg Hg/kg-day (Fitzhugh et al. 1950).


The incidence of squamous cell papillomas of the forestomach and thyroid follicular cell
carcinomas from NTP (1993) was evaluated.  No slope factor was based on the forestomach tumors
because this type of tumor is probably the result of irritation of the forestomach, cell death and epithelial
proliferation.  The carcinogenic mechanism may be specific to irritation at the high doses used in the
bioassay; use of these tumors as a basis for human health assessment of low doses of inorganic mercury
is inappropriate.


Regarding the thyroid carcinomas, a variety of drugs, chemicals, and physiological perturbations
result in the development of thyroid follicular tumors in rodents.  For a number of chemicals, the
mechanism of tumor development appears to be a secondary effect of longstanding hypersecretion of
thyroid-stimulating hormone by the pituitary (Capen and Martin 1989; McClain 1989).  In the absence of
such long-term stimulatory effects, induction of thyroid follicular cell cancer by such chemicals usually
does not occur (Hill 1989).  Use of the incidence of thyroid tumors from NTP (1993) in low dose
extrapolation is, thus, questionable.


6.3.4.3 Methylmercury


Quantification of the potential carcinogenic effects of methylmercury (classified as C, possible
human carcinogen) was not done.  No increased incidence of tumors was seen in rats exposed to doses of
up to 0.34 mg Hg/kg-day for 130 weeks (Mitsumori et al. 1983, 1984) or in cats exposed to a diet
containing up to 0.176 mg Hg/kg-day for 2 years (Charbonneau et al. 1976).


No slope factor was calculated for methylmercury based on the incidence of renal epithelial
tumors in male mice.  The two studies by Mitsumori et al. (1981, 1990) were limited by high mortality in
the high-dose males, the only group to exhibit a statistically significant increase in tumor incidence.  The
study by Hirano et al. (1986) was not limited by survival problems, but the tumors were observed in
conjunction with nephrotoxicity and appear to be a high-dose phenomenon that may not be linear at low
doses.  The tumors appeared to originate from focal hyperplasia of the tubular epithelium induced as a
reparative change.  The hyperplasia was not observed in tubular epithelium that was undergoing early
degenerative changes; thus, the tumors may not occur where degenerative changes do not occur.  The
appropriateness of deriving a quantitative risk estimate using the assumption of linearity at low doses
based on data for which a threshold may exist is questionable.
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6.4 Risk Assessments Done By Other Groups


Quantitative estimates of hazards of oral exposure to methylmercury exposure have been
considered by the Food and Drug Administration, Agency for Toxic Substances and Disease Registry
(ATSDR), the Department of Energy and several State agencies.  Several inhalation workplace exposure
limits are available in the United States and other countries.


6.4.1 Food and Drug Administration


In 1969, in response to the poisonings in Minamata Bay and Niigata, Japan, the U.S. FDA
proposed an administrative guideline of 0.5 ppm for mercury in fish and shellfish moving in interstate
commerce.  This limit was converted to an action level in 1974 (Federal Register 39, 42738, December 6,
1974) and increased to 1.0 ppm in 1979 (Federal Register 44; 3990, January 19, 1979) in recognition that
exposure to mercury was less than originally considered.  In 1984, the 1.0 ppm action level was
converted from a mercury standard to one based on methylmercury (Federal Register 49, November 19,
1984).


The action level takes into consideration the tolerable daily intake (TDI) for methylmercury, as
well as information on seafood consumption and associated exposure to methylmercury.  The TDI is the
amount of methylmercury that can be consumed daily over a long period of time with a reasonable
certainty of no harm.  U.S. FDA (and WHO) established a TDI based on a weekly tolerance of 0.3 mg of
total mercury per person, of which no more than 0.2 mg should be present as methylmercury.  These
amounts are equivalent to 5 and 3.3 �g, respectively, per kilogram of body weight.  Using the values of
methylmercury, this tolerable level would correspond to approximately 230 �g/week for a 70 kg person
or 33 �g/person/day.  The TDI was calculated from data developed in part by Swedish studies of
Japanese individuals poisoned in the episode of Niigata which resulted from the consumption of
contaminated fish and shellfish and the consideration of other studies of fish-eating populations.


Based on observations from the poisoning event later in Iraq, U.S. FDA has acknowledged that
the fetus may be more sensitive than adults to the effects of mercury (Federal Register 44: 3990, January
19, 179; Cordle and Tollefson, 1984, U.S. FDA Consumer, September, 1994).  In recognition of these
concerns, U.S. FDA has provided advice to pregnant women and women of child-bearing age to limit
their consumption of fish known to have high levels of mercury (U.S. FDA Consumer, 1994).  U.S. FDA
believes, however, that given existing patterns of fish consumption, few women (less than 1%) eating
such high mercury fish will experience slight reductions in the margin of safety.  However, due to the
uncertainties associated with the Iraqi study, U.S. FDA has chosen not to use the Iraqi study as a basis
for revising its action level.  Instead, the U.S. FDA has chosen to wait for findings of prospective studies
of fish-eating populations in the Seychelles Islands and in the Faroes Islands.
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6.4.2 ATSDR


ATSDR has established Minimal Risk Levels (MRLs) for elemental, inorganic and
methylmercury (ATSDR 1994).  Recently a revised Toxicological Profile has been released for public
comment (ATSDR 1997).


An acute inhalation MRL of 0.00002 mg/m  has been derived for elemental mercury vapor based3


on neurodevelopmental changes in rats.  Specifically, the effects were changes in locomotor activity at 4
months of age and an increased time to complete a radial arm maze at 6 months of age following
exposure to 0.05 mg Hg/m  for 1 hour during post-partum days 11�17 (Fredriksson et al. 1992).  A3


chronic inhalation MRL of 0.000014 mg/m  was derived for elemental mercury vapor based on a3


significant increased in the average velocity of naturally occurring tremors in occupational workers
(Fawer et al. 1983).  The revised chronic MRL is calculated to be 0.0002 mg/m  by application of an3


uncertainty factor of 30 to a LOAEL of 0.026 mg/m  for increased frequency of tremors in3


occupationally exposed workers (Fawer et al. 1983).


Acute and intermediate oral MRLs were derived for inorganic mercury based on kidney effects
reported in the 1993 NTP study of mercuric chloride.  The acute oral MRL was 0.007 mg Hg/kg-day
based on a 2-week study reporting a NOAEL of 0.93 mg Hg/kg-day for renal effects in rats (NTP 1993). 
At higher doses, an increased incidence of tubular necrosis was observed.  The intermediate oral MRL of
0.002 mg Hg/kg-day was established, based on a 6-month study reporting a NOAEL of 0.23 mg Hg/kg-
day for renal effects (increased absolute and relative kidney weights) (NTP 1993).  There is no indication
that these values have been revised in the 1997 document.


An acute-intermediate oral MRL of 0.00012 mg Hg/kg-day was established in 1994 for
methylmercury.  ATSDR derived their assessment from the Marsh et al. (1981) and Cox et al. (1989)
data; the MRL is based on the lowest observed peak of total mercury concentration in maternal hair
(0.0012 mg/kg-day equivalent to a LOAEL of 14 ppm mercury in maternal hair) during pregnancy
associated with a delayed onset of walking in offspring in Iraqi children.  This assessment is discussed in
section 6.3.1.1 of this volume.


The 1997 Toxicological Profile calculates a chronic MRL for methylmercury of 0.5 µg/kg/day. 
This report chooses as a NOAEL the median maternal hair mercury of 5.9 ppm reported by Davidson et
al. (1995) for the 29 month old Seychellois children tested with the BSID and Bayley Infant Behavior
record. The Toxicological Profile characterizes the reported decrease in the male children’s activity level
as not adverse and chooses use of a midpoint of all measured maternal hair levels rather than the highest
measure or median of the top quartile.  Dose conversion was done as in the 1994 document to give an
estimated ingested dose of 0.5 µg/kg/day.  An uncertainty factor was not used to account for human
variability. 


6.4.3 Department of Energy


Brookhaven Laboratories has prepared a report for Office of Clean Coal Technology, DOE.  This
report describes a probabilistic-based assessment which considered the potential increased health risk for
paresthesia in adults.  Their estimate is based upon a yearly emission rate of 180 kg/year from all fossil
fuel power plants in the United States.  This estimate represents less than 1% of the existing global pool
of mercury that is introduced into the environment.  Based upon the most sensitive adult sign of
paresthesia, the mercury emissions from power plants would result in an increased risk for paresthesia of
0.004�0.007% with an upper 95th percentile risk of 0.013�0.017% (Lipfert et al. 1994).
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6.4.4 National Institute of Environmental Health Sciences (NIEHS)


NIEHS, part of the National Institutes of Health, was required under section 301 of the CAA "to
conduct, and transmit to the Congress by November 15, 1993, a study to determine the threshold level of
mercury exposure below which adverse human health effects are not expected to occur."  In section 112
(n)(1)(C), NIEHS was encouraged to evaluate the health effects threshold for mercury in the absence of
specifics as to species of mercury but to consider mercury in fish.  As mercury in fish is primarily in the
form of methylmercury, the NIEHS limited their consideration to this species.


The report was completed in 1993 and delivered to Office of Management and Budget for
clearance.  It describes dose- response assessments for methylmercury done by WHO, FDA and U.S.
EPA and presents all three estimates as recommended for tolerable mercury concentrations.  The NIEHS
report also describes estimates of fish consumption by the U.S. population.


6.4.5 Department of Labor


OSHA established a Permissible Exposure Limit (PEL), time-weighted average of 0.05 mg
Hg/m  for mercury vapor, with a notation for skin exposure (U.S. Department of Labor 1989).  A PEL as3


a ceiling value of 0.1 mg Hg/m , also with a notation for dermal exposure was set for aryl mercury and3


inorganic mercury compounds.


NIOSH determined a Recommended Exposure Limit (REL), time-weighted average, of 0.05 mg
Hg/m  for mercury and 0.1 mg Hg/m  for aryl and inorganic mercury compounds (NIOSH 1973, 1988).3 3


6.4.6 Various States


A number of states have released fish consumption advisories based upon their independent
analysis of the available scientific literature for methylmercury.  Most active among these states are
Michigan, New Jersey, Maine, Idaho, and Oregon.  Generally, there is a trend to move to more
conservative values based upon developmental neurotoxicity defined in the Marsh et al. (1981) and Cox
et al. (1989) papers.  The methylmercury RfD of 0.7x10  mg/kg-day used by the state of New Jersey is-4


discussed in section 6.3.1.1.  Some states are waiting for more specific guidance from U.S. EPA.


6.4.7 World Health Organization


The International Programme on Chemical Safety (IPCS) of the World Health Organization
published a criteria document on mercury (WHO 1990).  In that document, it was stated that " a daily
intake of 3 to 7 µg Hg/kg body weight would cause adverse effects of the nervous system, manifested as
an approximately 5% increase in the incidence of paraesthesias".  The IPCS expert group also concluded
that developmental effects in offspring (motor retardation or signs of CNS toxicity) could be detected as
increases over background incidence at maternal hair levels of 10�20 ppm mercury.  These levels of
concern were based on evaluation of data including the human poisoning incident in Iraq described in
Chapter 3.
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6.4.8 ACGIH


The ACGIH has established Threshold Limit values (TLV) as eight-hour time-weighted
averages.  They include the following:


Aryl mercury  compounds 0.1   mg Hg/m3


Mercury vapor 0.05  mg Hg/m3


Inorganic mercury 0.1   mg Hg/m3


No STEL is recommended at this time.  The Biological Exposure Indices Committee has
recommended values for inorganic mercury in urine and blood of 35 µg/g creatinine and 15 µg/L
respectively.


The ACGIH classified inorganic mercury including elemental mercury as follows:  A4- Not
classifiable as a Human Carcinogen:  There are inadequate data on which to classify the agent in terms of
its carcinogenicity in humans and/or animals.







7-1


7. ONGOING RESEARCH AND RESEARCH NEEDS


7.1 Ongoing Research


Table 7-1 lists ongoing research projects abstracted from the Federal Research in Progress Data
Base (FEDRIP, 1994).


Table 7-1
Ongoing Research


Investigator Affiliation Research Description Sponsor


Human


T. Clarkson University of Rochester, Rochester, Dose-response relationships in humans National Institute of
NY exposed to methylmercury and prenatal Environmental Health


and early postnatal body burdens of Sciences (NIEHS)
methylmercury.


P. Grandjean Odense University, Odense, Neurotoxicity risk from exposure to NIEHS
Denmark methylmercury from seafood


W. Markesbery University of Kentucky, Lexington, Role of mercury and dental amalgams in National Institute on
KY Alzheimer's disease Aging


M. Martin University of Washington, Seattle, Epidemiology of mercury in dentists National Institute of
WA Dental Research


R. Mitchell University of Kentucky, Lexington, Amalgam restorations and the relative National Institute of
KY risk of adverse pregnancy outcome Dental Research


G. Myers University of Rochester, Rochester, Child development following prenatal NIEHS
NY methylmercury exposure via fish


T. Okabe Baylor College of Dentistry, Dallas, Establish maximum levels of exposure National Institute of
TX from amalgams for dental patients and Dental Research


personnel


M. Owens Science Applications International Potential and adverse effects associated National Institute of
Corp, with dental amalgam Dental Research
Falls Church, VA


M. Rosenman Morehouse College, Atlanta, GA Effect of mercury in amalgam and urine National Institute of
to cognitive functioning in children General Medical


Sciences


D. Savitz University of North Carolina Mercury and reproductive health in National Institute of
Chapel Hill, Chapel Hill, NC women dentists Dental Research


Animal


P. Bigazzi University of Connecticut, Mercury induced auto-immune disease in NIEHS
Farmington, CT rats


T. Burbacher University of Washington, Seattle, Developmental effects of methylmercury NIEHS
WA in monkeys and rats


K. Mottet University of Washington, Seattle, Long-term toxicity associated with NIEHS
WA inorganic mercury and methylmercury   


K. Pollard University of California, San Diego, Animal model of systemic autoimmunity National Institute of
CA induced by mercury Arthritis and


Musculoskeletal and
Skin Diseases







Table 7-1
Ongoing Research (continued)


Investigator Affiliation Research Description Sponsor
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B. Weiss University of Rochester, Rochester, Neurotoxicity throughout the lifespan of NIEHS
NY mice exposed prenatally to


methylmercury


Mechanistic


W. Atchison Michigan State University, East Neurotoxic mechanism of chronic NIEHS
Lansing, MI methylmercury poisoning


D. Barfuss Georgia State University, Atlanta, Transport and toxicity of inorganic NIEHS
GA mercury in the nephron


T. Jensen Herbert H. Lehman College, New Effect on membrane structure and National Institute of
York, NY organelle distribution General Medical


Sciences


D. Lawrence Albany Medical College, Albany, Effects of metals on the structure and NIEHS
NY function of murine and human


lymphocytes


R. Noelle Dartmouth Medical School, Effect of mercury on �-lymphocyte NIEHS
Hanover, NH function


K. Pollard Scripps Research Institute, San Mechanisms of autoantibody response National Institute of
Diego, CA induced by mercury which target the Allergy and Infectious


nucleolus Diseases


B. Rajanna Selma University, Biomechanisms of heavy metal toxicity in National Institute of
Selma, AL rats General Medical


Sciences


K. Ruehl Rutgers University, Mechanism of methylmercury NIEHS
New Brunswick, NJ neurotoxicity during development in mice


T. Sarafian University of California, Los Effect of methylmercury on protein NIEHS
Angeles, CA phosphorylation in cerebellar granule cells


in brain


J. Stokes Mount Desert Island Biological Effects of mercurials on transport NIEHS
Lab, properties of the bladder
Salsbury Cove, ME


R. Zalups Mercer University School of Cytotoxicity of mercuric chloride to NIEHS
Medicine isolated rat proximal tubular cells


Two of these ongoing studies deserve further discussion because they may fill critical data needs
for the development of a reference dose for methylmercury.  The first is the Seychelles Islands Study led
by Dr. T.W. Clarkson from the University of Rochester.  The objective of this study is to define the
extent of human health risks from prenatal exposure to methylmercury.  Dose-response relationships in a
human population with dietary exposure to methylmercury at levels believed to be in the range of the
threshold for developmental toxicity are being studied.  Both prenatal and early postnatal body burdens
of methylmercury will be examined as well as transport to the brain.


This study is testing the hypothesis, developed in previous studies of prenatal exposure in the
Iraq population, that subtle psychological and behavioral changes in prenatally exposed children can be
quantitatively related using dose-response models to the mother's methylmercury exposure during
pregnancy.  In the Seychelles, a group of islands off the coast of Africa near Madagascar, a group of 779
infants who were prenatally exposed to methylmercury through maternal fish consumption is being
studied with annual administration of neurodevelopmental, psychological and educational testing of the
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children through 5.5 years of age.  This population consumes a relatively large amount of marine fish and
marine mammals, both of which are likely to contain methylmercury.  The study is testing the hypothesis
that methylmercury concentration in hair correlates with methylmercury in the brain by using human
autopsy data.  Mechanisms of transport of methylmercury across the blood brain barrier also are being
studied to understand better the factors that limit the accuracy of hair mercury as a biological marker for
target tissue levels.  Findings reported in recent publications are summarized in section 3.3.1.1.


The second study is the Faroe Islands Study led by Dr. P.A. Grandjean from Odense University
in Denmark.  The purpose of this study is to determine whether a neurotoxic risk is present from
methylmercury exposure from seafood and, if so, the threshold for such effects.  This study is examining
a cohort of 1,000 children in the Faroe Islands, located in the North Atlantic between Scotland and
Iceland.  As is the case in the Seychelles, this population consumes a relatively large amount of seafood;
consumption includes marine fish and marine mammals.  Intrauterine exposures were determined by
mercury analysis of umbilical cord blood and maternal hair collected at consecutive births during 21
months in 1986 and 1987.  In 13 percent of the births, mercury levels were greater than 10 ppm in
maternal hair, and 25 percent of the cord blood samples had a mercury concentration above the
corresponding level of 40 µg/L.  No cases of gross methylmercury poisoning have been observed.  The
persistence of mercury in the body is being assessed from mercury hair concentrations in the children at
one and six years of age, and dietary information is being collected.  A detailed pediatric examination
and a test battery to identify possible subtle signs of neurobehavioral dysfunction are being conducted. 
The test battery includes psychological tests and neurophysiological measurement of evoked potentials;
these methods are known from previous research to be particularly sensitive to the types of neurotoxicity
expected.


The Faroese population was chosen for this study because of the homogeneity and stability of the
population and the efficient coverage of the Danish health care system.  The cohort includes 75% of all
births occurring during the sampling period.  A high participation rate (about 80%) is expected at the 6-
year examination period.  Alcohol use is minimal in Faroese women (75% were abstainers during
pregnancy), and 60% are nonsmokers.  The lead exposure is low (median lead concentration in cord
blood was 1.7 µg/100 mL).  Exposure to polychlorinated biphenyls (PCB), however, may be a
confounder, and alcohol intake of the fathers may have been high.  Due to the high seafood intake,
selenium exposure is increased, and its possible protective action against mercury toxicity is being
examined.  Findings reported at recent scientific meetings are summarized in section 3.3.1.1.


7.2 Research Needs


In addition to the ongoing studies described above, further research is necessary for refinement
of the U.S. EPA's risk assessments for mercury and mercury compounds.  In order to reduce uncertainties
in the current estimates of the oral reference doses (RfDs) and inhalation reference concentrations
(RfCs), longer-term studies with low-dose exposures are necessary.  In particular, epidemiological
studies should emphasize comprehensive exposure data with respect to both dose and duration of
exposure.  The current RfD and RfC values have been determined for the most sensitive toxicity endpoint
for each compound; that is, the neurological effects observed following exposure to elemental or
methylmercury, and the renal autoimmune glomerulonephritis following exposure to inorganic mercury. 
For each of these compounds, experiments conducted at increasingly lower doses with more sensitive
measures of effect will improve understanding of the respective dose-response relationships at lower
exposure levels and the anticipated thresholds for the respective effects in humans.  Similar information
from developmental toxicity studies would allow determination of RfDs for developmental toxicity
(RfD ) for elemental and inorganic mercury.  For inorganic mercury, furthermore, the many ongoingdt


studies in which mechanisms of action are being investigated will greatly assist in quantifying the risks
posed by these compounds.
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Well-conducted studies are also needed to clarify exposure levels at which toxic effects other
than those defined as “critical” could occur in humans.  For all three forms of mercury, data are
inadequate, conflicting, or absent for the following:  adverse reproductive effects (effects on function or
outcome, including multigeneration exposure); impairment of immune function; and genotoxic effects on
human somatic or germinal cells (elemental and inorganic mercury).  Investigations that relate the toxic
effects to biomonitoring data will be invaluable in quantifying the risks posed by these mercury
compounds.  In addition, work should focus on subpopulations that have elevated risk because they are
exposed to higher levels of mercury at home or in the workplace, because they are also simultaneously
exposed to other hazardous chemicals, or because they have an increased sensitivity to mercury toxicity. 
Information on postnatal exposure without prenatal exposure is limited; therefore, analyzing the potential
risks associated with mercury exposure of young children is difficult.


There are data gaps in the carcinogenicity assessments for each of the mercury compounds.  The
U.S. EPA's weight-of-evidence classification of elemental mercury (Group D) is based on studies in
workers who were also potentially exposed to other hazardous compounds including radioactive isotopes,
asbestos, or arsenic.  There were no appropriate animal studies available for this compound.


Studies providing information on the mode of action of inorganic mercury and methylmercury in
producing tumors will be of particular use in defining the nature of the dose response relationship.


The assessment of both noncarcinogenic effects and carcinogenic effects will be improved by an
increased understanding of the toxicokinetics of these mercury compounds.  In particular, quantitative
studies that compare the three forms of mercury across species and/or across routes of exposure are vital
for the extrapolation of animal data when assessing human risk.  For elemental mercury there is a need
for quantitative assessment of the relationship between inhaled concentration and delivery to the brain or
fetus; in particular the rate of elemental to mercuric conversion mediated by catalase and the effect of
blood flow.  Such assessment is needed for evaluation of the impact of mercury exposure from dental
amalgam.


Work has been done on development of physiologically-based pharmacokinetic models.  While
one of these has developed a fetal submodel, data on fetal pharmacokinetics are generally lacking.  The
toxicokinetics of mercury as a function of various developmental stages should be explored.  Elemental
mercury and methylmercury appear to have the same site of action in adults; research is, therefore,
needed on the potential for neurotoxicity in newborns when the mother is exposed.  This work should be
accompanied by pharmacokinetic studies and model development.
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APPENDIX A


DOSE CONVERSIONS


All doses in the tables in Section 4 were adjusted for the amount of mercury in the compound.


For example, for animals administered 1 mg/kg/day mercuric chloride:


Molecular weight of mercuric chloride = 271.5
Molecular weight of mercury = 200.6
Dose of mercury = 1 mg Hg/kg/day x 200.6/271.5 = 0.74 mg Hg/kg/day


(1) To convert from ppm in feed to mg/kg body weight/day, the following equation was used:


mg toxicant (T)/kg body weight/day = mg T/kg food x food factor


where food factor = kg food per day intake/kg body weight


(2) To convert from ppm in water to mg/kg body weight/day, the following equation was used:


mg T/kg body weight/day = mg T/L water x L water per day intake/kg body weight


where L is liters of water intake per day


Species


Sample Values Used


Water Food factor
intake/day Body weight (kg food/kg body
(Liter/day) (kg) weight)


Mouse 0.0057 0.03 0.13


Rat 0.049 0.35 0.05


Rabbit 0.41 3.8 0.049


(3) To convert from ppm in air to mg/m  for a vapor, the following equation was used:3


1 mg/m  = 1 ppm x molecular weight/24.453
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  I.B. REFERENCE CONCENTRATION FOR CHRONIC INHALATION EXPOSURE (RfC)


Substance Name -- Elemental mercury (Hg)
CASRN -- 7439-97-6
Preparation date -- 3/12/90


  I.B.1. INHALATION RfC SUMMARY


Critical Effect Exposures* UF MF RfC


Hand tremor; increases NOAEL: None 30 1 3E-4
in memory disturbances; mg/cu.m
slight subjective and LOAEL: 0.025 mg/cu.m
objective evidence of (converted to LOAEL [ADJ]
autonomic dysfunction of 0.009 mg/cu.m


Human occupational
inhalation studies


Fawer et al., 1983;
Piikivi and Tolonen, 1989;
Piikivi and Hanninen, 1989;
Piikivi, 1989;
Ngim et al., 1992;
Liang et al., 1993


* Conversion Factors and Assumptions:  This is an extrarespiratory effect of a vapor (gas).  The LOAEL
is based on an 8-hour TWA occupational exposure.  MVho = 10 cu.m/day, MVh = 20 cu.m/day. 
LOAEL(HEC) = LOAEL(ADJ) = 0.025 mg/cu.m x MVho/MVh x 5 days/7 days = 0.009 mg/cu.m.  Air
concentrations (TWA) were measured in the Fawer et al. (1983), Ngim et al. (1992), and Liang et al.
(1993) studies.  Air concentrations were extrapolated from blood levels based on the conversion factor of
Roels et al. (1987) as described in the Additional Comments section for the studies of Piikivi and
Tolonen (1989), Piikivi and Hanninen (1989), and Piikivi (1989).


  I.B.2. PRINCIPAL AND SUPPORTING STUDIES (INHALATION RfC)


Fawer, R.F., U. DeRibaupierre, M.P. Guillemin, M. Berode and M. Lobe.  1983.  Measurement of hand
tremor induced by industrial exposure to metallic mercury.  J. Ind. Med.  40: 204-208. 


Piikivi, L. and U. Tolonen.  1989.  EEG findings in chlor-alkali workers subjected to low long term
exposure to mercury vapor.  Br. J. Ind. Med.  46: 370-375. 


Piikivi, L. and H. Hanninen.  1989.  Subjective symptoms and psychological performance of
chlorine-alkali workers.  Scand. J. Work Environ. Health.  15: 69-74. 
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Piikivi, L.  1989.  Cardiovascular reflexes and low long-term exposure to mercury vapor.  Int. Arch.
Occup. Environ. Health.  61: 391-395. 


Ngim, C.H., S.C. Foo, K.W. Boey and J. Jeyaratnam.  1992.  Chronic neurobehavioral effects of
elemental mercury in dentists.  Br. J. Ind. Med. 49: 782-790. 


Liang, Y-X., R-K. Sun, Y. Sun, Z-Q. Chen and L-H. Li.  1993.  Psychological effects of low exposure to
mercury vapor: Application of a computer-administered neurobehavioral evaluation system.  Environ.
Res.  60: 320-327. 


Fawer et al. (1983) used a sensitive objective electronic measure of intention tremor (tremors that
occur at the initiation of voluntary movements) in 26 male workers (mean age of 44 years) exposed to
low levels of mercury vapor in various occupations:  fluorescent tube manufacture (n=7), chloralkali
plants (n=12), and acetaldehyde production (n=7).  Controls (n=25; mean age of 44.6 years) came from
the same factories but were not exposed occupationally.  Personal air samples (two per subject) were
used to characterize an average exposure concentration of 0.026 mg/cu.m.  It should be noted that it is
likely that the levels of mercury in the air varied during the period of exposure and historical data
indicate that previous exposures may have been higher.  Exposure measurements for the control cohort
were not performed.  The average duration of exposure was 15.3 years.  The measures of tremor were
significantly increased in the exposed compared to control cohorts, and were shown to correspond to
exposure and not to chronologic age.  These findings are consistent with neurophysiological impairments
that might result from accumulation of mercury in the cerebellum and basal ganglia.  Thus, the TWA of
0.026 mg/cu.m was designated a LOAEL.  Using the TWA and adjusting for occupational ventilation
rates and workweek, the resultant LOAEL(HEC) is 0.009 mg/cu.m. 


Piikivi and Tolonen (1989) used EEGs to study the effects of long-term exposure to mercury
vapor in 41 chloralkali workers exposed for a mean of 15.6 +/- 8.9 years as compared with matched
referent controls.  They found that the exposed workers, who had mean blood Hg levels of 12 ug/L and
mean urine Hg levels of 20 ug/L, tended to have an increased number of EEG abnormalities when
analyzed by visual inspection only.  When the EEGs were analyzed by computer, however, the exposed
workers were found to have significantly slower and attenuated brain activity as compared with the
referents.  These changes were observed in 15% of the exposed workers.  The frequency of these changes
correlated with cortical Hg content (measured in other studies);  the changes were most prominent in the
occipital cortex less prominent in the parietal cortex, and almost absent in the frontal cortex.  The authors
extrapolated an exposure level associated with these EEG changes of 0.025 mg/cu.m from blood levels
based on the conversion factor calculated by Roels et al. (1987). 


Piikivi and Hanninen (1989) studied the subjective symptoms and psychological performances
on a computer-administered test battery in 60 chloralkali workers exposed to mercury vapor for a mean
of 13.7 +/- 5.5 years as compared with matched referent controls.  The exposed workers had mean blood
Hg levels of 10 ug/L and mean urine Hg levels of 17 ug/L.  A 
statistically significant increase in subjective measures of memory disturbance and sleep disorders was
found in the exposed workers.  The exposed workers also reported more anger, fatigue and confusion. 
No objective disturbances in perceptual motor, memory or learning abilities were found in the exposed
workers.  The authors extrapolated an exposure level associated 
with these subjective measures of memory disturbance of 0.025 mg/cu.m from blood levels based on the
conversion factor calculated by Roels et al. (1987).
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Both subjective and objective symptoms of autonomic dysfunction were investigated in 41
chloralkali workers exposed to mercury vapor for a mean of 15.6 +/- 8.9 years as compared with matched
referent controls (Piikivi, 1989).  The quantitative non-invasive test battery consisted of measurements of
pulse rate variation in normal and deep breathing, in the Valsalva maneuver and in vertical tilt, as well as
blood pressure responses during standing and isometric work.  The exposed workers had mean blood
levels of 11.6 ug/L and mean urine levels of 19.3 ug/L.  The exposed workers complained of more
subjective symptoms of autonomic dysfunction than the controls, but the only statistically significant
difference was an increased reporting of palpitations in the exposed workers.  The quantitative tests
revealed a slight decrease in pulse rate variations, indicative of autonomic reflex dysfunction, in the
exposed workers.  The authors extrapolated an exposure level associated with these subjective and
objective measures of autonomic dysfunction of 0.030 mg/cu.m from blood levels based on the
conversion factor calculated by Roels et al. (1987).


Two more recent studies in other working populations corroborate the neurobehavioral toxicity
of low-level mercury exposures observed in the Fawer et al. (1983), Piikivi and Tolonen (1989), Piikivi
and Hanninen (1989), and Piikivi (1989) studies.


Ngim et al. (1992) assessed neurobehavioral performance in a cross-sectional study of 98 dentists
(38 female, 60 male; mean age 32, range 24-49 years) exposed to TWA concentrations of 0.014 mg/cu.m
(range 0.0007 to 0.042 mg/cu.m) versus 54 controls (27 female, 27 male; mean age 34, range 23-50
years) with no history of occupational exposure to mercury.  Air concentrations were measured with
personal sampling badges over typical working hours (8-10 hours) and converted to an 8-hour TWA.  No
details on the number of exposure samples or exposure histories were provided.  Blood samples from the
exposed cohort were also taken and the data supported the correspondence calculated by Roels et al.
(1987).  Based on extrapolation of the average blood mercury concentration (9.8 ug/L), the average
exposure concentration would be estimated at 0.023 mg/cu.m.  The average duration of practice of the
exposed dentists was 5.5 years.  Exposure measurements of the control cohort were not performed.  The
exposed and control groups were adequately matched for age, amount of fish consumption, and number
of amalgam dental fillings.  The performance of the dentists was significantly worse than controls on a
number of neurobehavioural tests measuring motor speed (finger tapping), visual scaning, visumotor
coordination and concentration, visual memmory, and visuomotor coordination speed.  These
neurobehavioral effects are consistent with central and peripheral neurotoxicity and the TWA is
considered a LOAEL.  Using the TWA and adjusting for occupational ventilation rates and the reported
6-day workweek, the resultant LOAEL(HEC) is 0.006 mg/cu.m. 


Liang et al. (1993) investigated workers in a fluorescent lamp factory with a
computer-adminstered neurobehavioral evaluation system and a mood inventory profile.  The exposed
cohort (mean age 34.2 years) consisted of 19 females and 69 males exposed to ninterruptedly for at least
2 years prior to the study.  Exposure was monitored with area samplers and ranged from 0.008 to 0.085
mg/cu.m across worksites.  No details on how the exposure profiles to account for time spent in different
worksites were constructed.  The average exposure was estimated at 0.033 mg/cu.m. (range 0.005 to 0.19
mg/cu.m).  The average duration was of working was 15.8 years for the exposed cohort.  Urinary
excretion was also monitored and reported to average 0.025 mg/L.  The control cohort (mean age 35.1
years) consisted of 24 females and 46 males recruited from an embroidery factory.  The controls were
matched for age, education, smoking and drinking habits.  Exposure measurements for the control cohort
were not performed.  The exposed cohort performed significantly worse than the control on tests of
finger tapping, mental arithmetic, two-digit searches, switiching attention, and visual reaction time.  The
effect on performance persisted after the confounding factor of chronological age was controlled.  Based
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on these neurobehavioral effects, the TWA of 0.033 mg/cu.m is designated as LOAEL.  Using the TWA
and adjusting for occupational ventilation rates and workweek, the resultant LOAEL(HEC) is 0.012
mg/cu.m. 


The above studies were taken together as evidence for a LOAEL based on neurobehavioral
effects of low-level mercury exposures.  The LOAEL(HEC) levels calculated on measured air
concentration levels of the Ngim et al. (1992) and the Liang et al. (1993) studies bracket that calculated
based on the air concentrations measured by Fawer et al. (1983) as a median HEC level.  Extrapolations
of blood levels, used as biological monitoring that accounts for variability in exposure levels, also
converge at 0.025 mg/cu.m as a TWA which results in the same HEC level.  Thus, the TWA level of
0.025 mg/cu.m was used to represent the exposure for the synthesis of the studies described above. 
Using this TWA and taking occupational ventilation rates and workweek into account results in a
LOAEL(HEC) of 0.009 mg/cu.m. 


   I.B.3. UNCERTAINTY AND MODIFYING FACTORS (INHALATION RfC)


UF -- An uncertainty factor of 10 was used for the protection of sensitive 
human subpopulations (including concern for acrodynia - see Additional 
Comments section) together with the use of a LOAEL.  An uncertainty factor of 
3 was used for lack of data base, particularly developmental and reproductive 
studies. 


MF -- None


   I.B.4. ADDITIONAL COMMENTS (INHALATION RfC)


Probably the most widely recognized form of hypersensitivity to mercury poisoning is the
uncommon syndrome known as acrodynia, also called erythredema polyneuropathy or pink disease
(Warkany and Hubbard, 1953).  Infantile acrodynia was first described in 1828, but adult cases have also
since been reported.  While acrodynia has generally been associated with short-term exposures and with
urine levels of 50 ug/L or more, there are some cases in the literature in which mercury exposure was
known to have occurred, but no significant (above background) levels in urine were reported.  There
could be many reasons for this, but the most likely is that urine levels are not a simple measure of body
burden or of target tissue (i.e., brain levels); however, they are the best means available for assessing the
extent of exposure.  It was felt that the RfC level estimated for mercury vapor based on neurotoxicity of
chronic exposure in workers is adequate to protect children from risk of acrodynia because such
exposures of long duration would be expected to raise urine levels by only 0.12 ug/L against a
background level of up to 20 ug/L (i.e., such exposures would not add significantly to the background
level of mercury in those exposed).


Roels et al. (1987) investigated the relationships between the concentrations of metallic mercury
in air and levels monitored in blood or urine in workers exposed during manufacturing of dry alkaline
batteries.  Breathing zone personal samples were used to characterize airborne mercury vapors.  Total
mercury in blood and urine samples were analyzed using atomic absorption.  The investigation controlled
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for several key factors including the use of reliable personal air monitoring, quality control for blood and
urine analyses, standardization of the urinary mercury concentration for creatinine concentration, and
stability of exposure conditions (examined subjects were exposed to mercury vapor for at least 1 year). 
Strong correlations were found between the daily intensity of exposure to mercury vapor and the end of
workshift levels in blood (r=0.86; n=40) or urine (r=0.81; n=34).  These relationships indicated a
conversion factor of 1:4.5 (air:blood) and 1:1.22 (air:urine as ug/g creatinine).  These factors were used
to extrapolate blood or urine levels associated with effects in the reported studies to airborne mercury
levels.


Sensory and motor nerve conduction velocities were studied in 18 workers from a mercury cell
chlorine plant (Levine et al., 1982).  Time-integrated urine Hg levels were used as an indicator of
mercury exposure.  Using linearized regression analysis, the authors found that motor and sensory nerve
conduction velocity changes (i.e., prolonged distal latencies correlated with the time-integrated urinary
Hg levels in asymptomatic exposed workers) occurred when urinary Hg levels exceeded 25 ug/L.  This
study demonstrates that mercury exposure can be associated with preclinical evidence of peripheral
neurotoxicity.


Singer et al. (1987) studied nerve conduction velocity of the median motor, median sensor and
sural nerves in 16 workers exposed to various inorganic mercury compounds (e.g., mercuric oxides,
mercurial chlorides, and phenyl mercuric acid) for an average of 7.3 +/- 7.1 years as compared with an
unexposed control group using t-tests.  They found a slowing of nerve conduction velocity in motor, but
not sensory, nerves that correlated with increased blood and urine Hg levels and an increased number of
neurologic symptoms.  The mean mercury levels in the exposed workers were 1.4 and 10 ug/L for blood
and urine, respectively.  These urine levels are 2-fold less than those associated with peripheral
neurotoxicity in other studies (e.g., Levine et al., 1982).  There was considerable variability in the data
presented by Singer et al. (1987), however, and the statistical analyses (t-test) were not as rigorous as
those employed by Levine et al. (1982) (linearized regression analysis).  Furthermore, the subjects in the
Levine et al. (1982) study were asymptomatic at higher urinary levels than those reported to be
associated with subjective neurological complaints in the workers studied by Singer et al. (1987). 
Therefore, these results are not considered to be as reliable as those reported by Levine et al. (1982).


Miller et al. (1975) investigated several subclinical parameters of neurological dysfunction in
142 workers exposed to inorganic mercury in either the chloralkali industry or a factory for the
manufacture of magnetic materials.  They reported a significant increase in average forearm tremor
frequency in workers whose urinary Hg concentrations exceeded 50 ug/L as compared with unexposed
controls.  Also observed were eyelid fasciculation, hyperactive deep-tendon reflexes and dermatographia,
but there was no correlation between the incidence of these findings and urinary Hg levels.


Roels et al. (1985) examined 131 male and 54 female workers occupationally exposed to
mercury vapor for an average duration of 4.8 years.  Urinary mercury (52 and 37 ug/g creatinine for
males and females, respectively) and blood mercury levels (14 and 9 ug/L for males and females,
respectively) were recorded, but atmospheric mercury concentration was not provided.  Symptoms
indicative of CNS disorders were reported but not related to mercury exposure.  Minor renal tubular
effects were detected in mercury-exposed males and females and attributed to current exposure intensity
rather (urinary Hg >50 ug/g creatinine) than exposure duration.  Male subjects with urinary mercury
levels of >50 ug/g creatinine exhibited preclinical signs of hand tremor.  It was noted that females did not
exhibit this effect and that their urinary mercury never reached the level of 50 ug/g creatinine.  A
companion study (Roels et al., 1987) related air mercury (Hg-air)levels to blood mercury (Hg-blood) and
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urinary mercury (Hg-U) values in 10 workers in a chloralkali battery plant.  Duration of exposure was not
specified.  A high correlation was reported for Hg-air and Hg-U for preshift exposure (r=0.70, p<0.001)
and post-shift (r=0.81, p<0.001) measurements.  Based on these data and the results of their earlier
(1985) study, the investigators suggested that some mercury-induced effects may occur when Hg-U levels
exceed 50 ug/g creatinine, and that this value corresponds to a mercury TWA of about 40 ug/cu.m.


A survey of 567 workers at 21 chloralkali plants was conducted to ascertain the effects of
mercury vapor inhalation (Smith et al., 1970).  Mercury levels ranged from <0.01 to 0.27 mg/cu.m and
chlorine concentrations ranged from 0.1 to 0.3 ppm at most of the working stations of these plants. 
Worker exposure to mercury levels (TWA) varied, with 10.2% of the workers being exposed to <0.01
mg/cu.m, 48.7% exposed to 0.01 to 0.05 mg/cu.m, 25.6% exposed to 0.06 to 0.10 mg/cu.m and 4.8%
exposed to 0.24 to 0.27 mg/cu.m (approximately 85% were exposed to Hg levels less than or equal to 0.1
mg/cu.m).  The duration of employment for the examined workers ranged from one year (13.3%) to >10
years (31%), with 55.7% of the workers being employed for 2 or 9 years.  A group of 600 workers not
exposed to chlorine served as a control group for assessment of chlorine effects, and a group of 382
workers not exposed to either chlorine or mercury vapor served as the reference control group.  A strong
positive correlation (p<0.001) was found between the mercury TWAs and the reporting of subjective
neuropsychiatric symptoms (nervousness, insomnia), occurrence of objective tremors, and weight and
appetite loss.  A positive correlation (p<0.001) was also found between mercury exposure levels and
urinary and blood mercury levels of test subjects.  No adverse alterations in cardiorespiratory,
gastrointestinal, renal or hepatic functions were attributed to the mercury vapor exposure.  Additionally,
biochemical (hematologic data, enzyme activities) and clinical measurements (EKG, chest X-rays) were
no different between the mercury-exposed and non-exposed workers.  No significant signs or symptoms
were noted for individuals exposed to mercury vapor concentrations less than or equal to 0.1 mg/cu.m. 
This study provides data indicative of a NOAEL of 0.1 mg Hg/cu.m and a LOAEL of 0.18 mg Hg/cu.m. 
In a followup study conducted by Bunn et al. (1986), however, no significant differences in the frequency
of objective or subjective findings such as weight loss and appetite loss were observed in workers
exposed to mercury at levels that ranged between 50 and 100 ug/L.  The study by Bunn et al. (1986) was
limited, however, by the lack of information provided regarding several methodological questions such as
quality assurance measures and control of possible confounding variables.


The mercury levels reported to be associated with preclinical and symptomatic neurological
dysfunction are generally lower than those found to affect kidney function, as discussed below.


Piikivi and Ruokonen (1989) found no evidence of glomerular or tubular damage in 60
chloralkali workers exposed to mercury vapor for an average of 13.7 +/- 5.5 years as compared with their
matched referent controls.  Renal function was assessed by measuring urinary albumin and
N-acetyl-beta-glucosaminidase (NAG) activity.  The mean blood Hg level in the exposed workers was 14
ug/L and the mean urinary level was 17 ug/L.  The authors extrapolated the NOAEL for kidney effects
based on these results of 0.025 mg/cu.m from blood levels using the conversion factor calculated by
Roels et al. (1987).


Stewart et al. (1977) studied urinary protein excretion in 21 laboratory workers exposed to 10-50
ug/cu.m of mercury.  Their urinary level of mercury was about 35 ug/L.  Increased proteinuria was found
in the exposed workers as compared with unexposed controls.  When preventive measure were instituted
to limit exposure to mercury, proteinuria was no longer observed in the exposed technicians. 
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Lauwerys et al. (1983) found no change in several indices of renal function (e.g., proteinuria,
albuminuria, urinary excretion of retinol-binding protein, aminoaciduria, creatinine in serum,
beta-2-microglobulin in serum) in 62 workers exposed to mercury vapor for an average of 5.5 years.  The
mean urinary Hg excretion in the exposed workers was 56 ug/g creatinine, which corresponds to an
exposure level of about 46 ug/cu.m according to a conversion factor of 1:1.22 (air:urine [ug/g creatinine])
(Roels et al., 1987).  Despite the lack of observed renal effects, 8 workers were found to have an
increased in serum anti-laminin antibodies, which can be indicative of immunological effects.  In a
followup study conducted by Bernard et al. (1987), however, there was no evidence of increased serum
anti-laminin antibodies in 58 workers exposed to mercury vapor for an average of 7.9 years.  These
workers had a mean urinary Hg excretion of 72 ug/g creatinine, which corresponds to an exposure levels
of about 0.059 mg/cu.m.


Stonard et al. (1983) studied renal function in 100 chloralkali workers exposed to inorganic
mercury vapor for an average of 8 years.  No changes in the following urinary parameters of renal
function were observed at mean urinary Hg excretion rates of 67 ug/g creatinine:  total protein, albumin,
alpha-1-acid glycoprotein, beta-2-microglobulin, NAG, and gamma-glutamyl transferase.  When urinary
Hg excretion exceeded 100 ug/g creatinine, a small increase in the prevalence of higher activities of
NAG and gamma-glutamyl transferase was observed. 


The mercury levels reported to be associated with preclinical and symptomatic neurological
dysfunction and kidney effects are lower than those found to pulmonary function, as discussed below.


McFarland and Reigel (1978) described the cases of 6 workers who were acutely exposed (4-8
hours) to calculated metallic mercury vapor levels of 1.1 to 44 mg/cu.m.  These men exhibited a
combination of chest pains, dyspnea, cough, hemoptysis, impairment of pulmonary function (reduced
vital capacity), diffuse pulmonary infiltrates and evidence of interstitial pneumonitis. Although the
respiratory symptoms resolved, all six cases exhibited chronic neurological dysfunction, presumably as a
result of the acute, high-level exposure to mercury vapor. 


Lilis et al. (1985) described the case of a 31-year-old male who was acutely exposed to high
levels of mercury vapor in a gold-extracting facility.  Upon admission to the hospital, the patient
exhibited dyspnea, chest pain with deep inspiration, irregular infiltrates in the lungs and reduced
pulmonary function (forced vital capacity [FVC]).  The level of mercury to which he was exposed is not
known, but a 24-hour urine collection contained 1900 ug Hg/L.  Although the patient improved gradually
over the next several days, 11 months after exposure he still showed signs of pulmonary function
abnormalities (e.g., restriction and diffusion impairment).


Levin et al. (1988) described four cases of acute high-level mercury exposure during gold ore
purification.  The respiratory symptoms observed in these four cases ranged from minimal shortness of
breath and cough to severe hypoxemia.  The most severely affected patient exhibited mild interstitial lung
disease both radiographically and on pulmonary function testing.  One patient had a urinary Hg level of
245 ug/L upon hospital admission.  The occurrence of long-term respiratory effects in these patients
could not be evaluated since all but one refused follow-up treatment.


Ashe et al. (1953) reported that there was no histopathological evidence of respiratory damage in
24 rats exposed to 0.1 mg Hg/cu.m 7 hr/day, 5 days/week for 72 weeks.  This is equivalent to a
NOAEL[HEC] of 0.07 mg/cu.m.
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Kishi et al. (1978) observed no histopathological changes in the lungs of rats exposed to 3
mg/cu.m of mercury vapor 3 hours/day, 5 days/week for 12-42 weeks.


Beliles et al. (1967) observed no histopathological changes in the lungs of pigeons exposed to 0.1
mg/cu.m of mercury vapor 6 hours/day, 5 days/week for 20 weeks.


Neurological signs and symptoms (i.e., tremors) were observed in 79 workers exposed to metallic
mercury vapor whose urinary mercury levels exceeded 500 ug/L.  Short-term memory deficits were
reported in workers whose urine levels were less than 500 ug/L (Langolf et al., 1978).


Impaired performance in mechanical and visual memory tasks and psychomotor ability tests was
reported by Forzi et al. (1978) in exposed workers whose urinary Hg levels exceeded 100 ug/L. 


Decreased strength, decreased coordination, increased tremor, decreased sensation and increased
prevalence of Babinski and snout reflexes were exhibited by 247 exposed workers whose urinary Hg
levels exceeded 600 ug/L.  Evidence of clinical neuropathy was observed at urinary Hg levels that
exceeded 850 ug/L (Albers et al., 1988).


Preclinical psychomotor dysfunction was reported to occur at a higher incidence in 43 exposed
workers (mean exposure duration of 5 years) whose mean urinary excretion of Hg was 50 ug/L.  Workers
in the same study whose mean urinary Hg excretion was 71 ug/L had a higher incidence of total
proteinuria and albuminuria (Roels et al., 1982). 


Postural and intention tremor was observed in 54 exposed workers (mean exposure duration of
7.7 years) whose mean urinary excretion of Hg was 63 ug/L (Roels et al., 1989). 


Verbeck et al. (1986) observed an increase in tremor parameters with increasing urinary
excretion of mercury in 21 workers exposed to mercury vapor for 0.5-19 years.  The LOAEL for this
effect was a mean urinary excretion of 35 ug/g creatinine.


Rosenman et al. (1986) evaluated routine clinical parameters (physical exams, blood chemistry,
urinalysis), neuropsychological disorders, urinary NAG, motor nerve conduction velocities and
occurrence of lenticular opacities in 42 workers of a chemical plant producing mercury compounds.  A
positive correlation (p<0.05 to p<0.001) was noted between urinary mercury (levels ranged from 100-250
ug/L) and the number of neuropsychological symptoms, and NAG excretions and the decrease in motor
nerve conduction velocities.


Evidence of renal dysfunction (e.g., increased plasma and urinary concentrations of
beta-galactosidase, increased urinary excretion of high-molecular weight proteins and a slightly increased
plasma beta-2-microglobulin concentration) was observed in 63 chloralkali workers.  The incidence of
these effects increased in workers whose urinary Hg excretion exceeded 50 ug/g 
creatinine (Buchet et al., 1980).


Increased urinary NAG levels were found in workers whose urinary Hg levels exceeded 50 ug/L
(Langworth et al., 1992).


An increase in the concentration of urinary brush border proteins (BB-50) was observed in 20
workers whose mean urinary Hg excretion exceeded 50 ug/g creatinine (Mutti et al., 1985). 
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Foa et al. (1976) found that 15 out of 81 chloralkali workers exposed to 60-300 ug/cu.m mercury
exhibited proteinuria.


An increased excretion of beta-glutamyl transpeptidase, indicative of renal dysfunction, was
found in 509 infants dermally exposed to phenylmercury via contaminated diapers (Gotelli et al., 1985).


Berlin et al. (1969) exposed rats, rabbits and monkeys to 1 mg/cu.m of mercury vapor for 4 hours
and measured the uptake and distribution of mercury in the brain as compared with animals injected
intravenously with the same doses of mercury as mercuric salts.  Mercury accumulated in the brain
following inhalation exposure to metallic mercury vapor at levels that were 10 times higher than those
observed following intravenous injection of the same dose of mercury as mercuric salts.  These results
demonstrate that mercury is taken up by the brain following inhalation of the vapor at higher levels than
other forms of mercury and that this occurs in all species studied.


Limited animal studies concerning inhalation exposure to inorganic mercury are available.  The
results of a study conducted by Baranski and Szymczyk (1973) were reported in an English abstract. 
Adult female rats were exposed to metallic mercury vapor at 2.5 mg/cu.m for 3 weeks prior to
fertilization and during gestation days 7-20.  A decrease in the number of living fetuses was observed in
the dams compared with unexposed controls, and all pups born to the exposed dams died by the sixth day
after birth.  However, no difference in the occurrence of developmental abnormalities was observed
between exposed and control groups.  The cause of death of the pups in the mercury-exposed group was
unknown, although an unspecified percentage of the deaths was attributed by the authors to a failure of
lactation in the dams.  Death of pups was also observed in another experiment where dams were only
exposed prior to fertilization (to 2.5 mg/cu.m), which supports the conclusion that the high mortality in
the first experiment was due at least in part to poor health of the mothers.  Without further information,
this study must be considered inconclusive regarding developmental effects.


The only other study addressing the developmental toxicology of mercury is the one reported in
abstract form by Steffek et al. (1987) and, as such, is included as a supporting study.  Sprague-Dawley
rats (number not specified) were exposed by inhalation to mercury vapor at concentrations of 0.1, 0.5 or
1.0 mg/cu.m throughout the period of gestation (days 1-20) or during the period of organogenesis (days
10-15).  The authors indicated the exposure protocols to be chronic and acute exposure, respectively.  At
either exposure protocol, the lowest mercury level produced no detectable adverse effect.  At 0.5
mg/cu.m, an increase in the number of resorptions (5/41) was noted for the acute group, and two of 115
fetuses exhibited gross cranial defects in the chronic group.  At 1.0 mg/cu.m, the number of resorptions
was increased in acute (7/71) and chronic (19/38) groups and a decrease in maternal and fetal weights
also was detected in the chronic exposure group.  No statistical analysis for these data was provided.  A
LOAEL of 0.5 mg/cu.m is provided based on these data. 


Mishinova et al. (1980) investigated the course of pregnancy and parturition in 349 women
exposed via inhalation to metallic mercury vapors (unspecified concentrations) in the workplace as
compared to 215 unexposed women.  The authors concluded that the rates of pregnancy and labor
complication were high among women exposed to mercury and that the effects depended on "the length
of service and concentration of mercury vapors."  Lack of sufficient details preclude the evaluation of
dose-response relationships.


In a questionnaire that assessed the fertility of male workers exposed to mercury vapor,
Lauwerys et al. (1985) found no statistically significant change in the observed number of children born
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to the exposed group compared with a matched control group.  The urinary excretion of mercury in the
exposed workers ranged from 5.1 to 272.1 ug/g creatinine.


Another study found that exposure to metallic mercury vapor caused prolongation of estrus
cycles in animals.  Baranski and Szymczyk (1973) reported that female rats exposed via inhalation to
mercury vapor at an average of 2.5 mg/cu.m, 6 hours/day, 5 days/week for 21 days experienced longer
estrus cycles than unexposed animals.  In addition, estrus cycles during mercury exposure were longer
than normal estrus cycles in the same animals prior to exposure.  Although the initial phase of the cycle
was protracted, complete inhibition of the cycle did not occur.  During the second and third weeks of
exposure, these rats developed signs of mercury poisoning including restlessness, seizures and trembling
of the entire body.  The authors speculated that the effects on the estrus cycle were caused by the action
of mercury on the CNS (i.e., damage to the hypothalamic regions involved in the control of estrus
cycling).


Renal toxicity has been reported following oral exposure to inorganic mercury salts in animals,
with the Brown-Norway rat appearing to be uniquely sensitive to this effect.  These mercury-induced
renal effects in the Brown-Norway rat are the basis for the oral RfD for mercurial mercury.  Several
investigators have produced autoimmune glomerulonephritis by administering HgCl2 to Brown-Norway
rats (Druet et al., 1978).


The current OSHA standard for mercury vapor is 0.05 mg/cu.m.  NIOSH recommends a TWA
Threshold Limit Value of 0.05 mg/cu.m for mercury vapor. 


   I.B.5. CONFIDENCE IN THE INHALATION RfC


Study -- Medium
Data Base -- Medium
RfC -- Medium


Due to the use of a sufficient number of human subjects, the inclusion of appropriate control
groups, the exposure duration, the significance level of the reported results and the fact that exposure
levels in a number of the studies had to be extrapolated from blood mercury levels, confidence in the key
studies is medium.  The LOAEL values derived from these studies can be corroborated by other human
epidemiologic studies.  The adverse effects reported in these studies are in accord with the
well-documented effects of mercury poisoning.  The lack of human or multispecies
reproductive/developmental studies precludes assigning a high confidence rating to the data base and
inadequate quantification of exposure levels.  Based on these considerations, the RfC for mercury is
assigned a confidence rating of medium.


   I.B.6. EPA DOCUMENTATION AND REVIEW OF THE INHALATION RfC


Source Document -- U.S. EPA, 1995


This IRIS summary is included in The Mercury Study Report to Congress which was reviewed
by OHEA and EPA's Mercury Work Group in November 1994.  An interagency review by scientists from
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other federal agencies took place in January 1995.  The report was also reviewed by a panel of
non-federal external scientists in January 1995 who met in a public meeting on January 25-26.  All
reviewers comments have been carefully evaluated and considered in the revision and finalization of this
IRIS summary.  A record of these comments is summarized in the IRIS documentation files.


Other EPA Documentation -- None


Agency Work Group Review -- 11/16/89, 03/22/90, 04/19/90


Verification Date -- 04/19/90


   I.B.7. EPA CONTACTS (INHALATION RfC)


Annie M. Jarabek / NCEA -- (919)541-4847


William F. Sette / OPP -- (703)305-6375
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  II. CARCINOGENICITY ASSESSMENT FOR LIFETIME EXPOSURE


Substance Name -- Mercury, elemental
CASRN -- 7439-97-6
Preparation Date -- 5/24/94


  II.A. EVIDENCE FOR CLASSIFICATION AS TO HUMAN CARCINOGENICITY


   II.A.1 WEIGHT-OF-EVIDENCE CLASSIFICATION


Classification -- D; not classifiable as to human carcinogenicity


Basis -- Based on inadequate human and animal data.  Epidemiologic studies failed to show a correlation
between exposure to elemental mercury vapor and carcinogenicity; the findings in these studies were
confounded by possible or known concurrent exposures to other chemicals, including human
carcinogens, as well as lifestyle factors (e.g., smoking).  Findings from genotoxicity tests are severely
limited and provide equivocal evidence that mercury adversely affects the number or structure of
chromosomes in human somatic cells. 


   II.A.2 HUMAN CARCINOGENICITY DATA 


Inadequate.  A number of epidemiological studies were conducted that examined mortality
among elemental mercury vapor-exposed workers.  Conflicting data regarding a correlation between
mercury exposure and an increased incidence of cancer mortalities have been obtained.  All of the studies
have limitations that complicate interpretation of their results for associations between mercury exposure
and induction of cancer; increased cancer rates were attributable to other concurrent exposures or
lifestyle factors.


A retrospective cohort study examined mortality among 5663 white males who worked between
1953 and 1963 at a plant in Oak Ridge, Tennessee, where elemental mercury was used for lithium isotope
separation (Cragle et al., 1984).  The workers were divided into three cohorts: exposed workers who had
been monitored on a quarterly basis for mercury levels in urine (n=2,133); workers exposed in the
mercury process section for whom urinalysis monitoring data were not collected (n=270); and unexposed
workers from other sections of the nuclear weapons production facility (n=3260).  The study subjects
worked at least 4 months during 1953-1958 (a period when mercury exposures were likely to be high);
mortality data from death certificates were followed through the end of 1978.  The mean age of the men
at first employment at the 
facility was 33 years, and the average length of their employment was >16 years with a mean of 3.73
years of estimated mercury exposure.  Air mercury levels were monitored beginning in 1955; during
1955 through the third quarter of 1956, air mercury levels were reportedly above 100 ug/cu.m in 30-80%
of the samples.  Thereafter, air mercury levels decreased to concentrations below 100 ug/cu.m.  The
mortality experience (i.e., the SMR) of each group was compared with the age-adjusted mortality
experience of the U.S. white male population.  Among exposed and monitored workers, no significant
increases in mortality from cancer at any site were reported, even after the level or length of exposure
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was considered.  A significantly lower mortality from all causes was observed.  An excessive number of
deaths was reportedly due to lung cancer in the exposed and monitored workers (42 observed, 31.36
expected), but also in the unexposed workers (71 observed, 52.93 expected).  The SMR for each group
was 1.34; the elevated incidence of lung cancer deaths was, therefore, attributed to some other factor at
the plant and/or to lifestyle factors (e.g., smoking) common to both the exposed and unexposed groups. 
Study limitations include small cohort sizes for cancer mortality, which limited the statistical stability of
many comparisons.


Barregard et al. (1990) studied mortality and cancer morbidity between 1958 and 1984 in 1190
workers from eight Swedish chloralkali plants that used the mercury cell process in the production of
chlorine.  The men included in the study had been monitored for urinary or blood mercury for more than
one year between 1946 and 1984.  Vital status and cause of death were ascertained from the National
Population Register and the National Bureau of Statistics.  The cancer incidence of the cohort was
obtained from the Swedish Cancer Register.  The observed total mortality and cancer incidences were
compared with those of the general Swedish male population.  Comparisons were not made between
exposed and unexposed workers.  Mean urinary mercury levels indicated a decrease in exposure between
the 1950s and 1970s; the mean urinary mercury level was 200 ug/L during the 1950s, 150 ug/L during
the 1960s and 50 ug/L in the 1970s.  Mortality from all causes was not significantly increased in exposed
workers.  A significant increase in deaths from lung tumors was observed in exposed workers 10 years or
more after first exposure (rate ratio, 2.0; 95% CI, 1.0-3.8).  Nine of the 10 observed cases of lung cancer
occurred among workers (457 of the 1190) possibly exposed to asbestos as well as to mercury.  No dose
response was observed with respect to mercury exposure and lung tumors.  This study is limited because
no quantitation was provided on smoking status, and results were confounded by exposure to asbestos.


Ahlbom et al. (1986) examined the cancer mortality during 1961-1979 of cohorts of Swedish
dentists and dental nurses aged 20-64 and employed in 1960 (3454 male dentists, 1125 female dentists,
4662 female dental nurses).  Observed incidences were compared with those expected based on cancer
incidence during 1961-1979 among all Swedes employed during 1960 and the proportion of all Swedes
employed as dentists and dental nurses.  Data were stratified by sex, age (5-year age groups) and county. 
The incidence of glioblastomas among the dentists and dental nurses combined was significantly
increased compared to survival rates (SMR, 2.1; 95% CI, 1.3-3.4); the individual groups had apparently
elevated SMRs (2.0-2.5), but the 95% 
confidence intervals of these groups included unity.  By contrast, physicians and nurses had SMRs of
only 1.3 and 1.2, respectively.  Exposure to mercury could not be established as the causative factor
because exposure to other chemicals and X-rays was not ruled out.


Amandus and Costello (1991) examined the association between silicosis and lung cancer
mortality between 1959 and 1975 in 9912 white male metal miners employed in the United States
between 1959 and 1961.  Mercury exposures were not monitored.  Exposures to specific metals among
the silicotic and nonsilicotic groups were analyzed separately.  Lung cancer mortality in both silicotic
and nonsilicotic groups was compared with rates in white males in the U.S. population.  Both silicotic
(n=11) and nonsilicotic mercury miners (n=263) had significantly increased lung cancer mortality (SMR,
14.03; 95% CI, 2.89-40.99 for silicotics.  SMR, 2.66; 95% CI, 1.15-5.24 for nonsilicotics).  The analysis
did not focus on mercury miners, and confounders such as smoking and radon exposure were not
analyzed with respect to mercury exposure.  This study is also limited by the small sample size for
non-silicotic mercury miners.
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A case-control study of persons admitted to a hospital in Florence, Italy, with lung cancer
between 1981-1983 was performed to evaluate occupational risk factors (Buiatti et al., 1985).  Cases
were matched with one or two controls (persons admitted to the hospital with diagnoses other than lung
cancer or suicide) with respect to sex, age, date of admission and smoking status.  Women who had "ever
worked" as hat makers had a significantly increased risk of lung cancer.  The duration of employment as
a hat maker averaged 22.2 years, and latency averaged 47.8 years.  Workers in the Italian hat industry
were known to be occupationally exposed to mercury; however, the design of this study did not allow
evaluation of the relationship between cumulative exposure and cancer incidence.  In addition,
interpretation of the results of this study is limited by the small sample size (only 6/376 cases reported
this occupation) and by exposure of hat makers to other pollutants including arsenic, a known lung
carcinogen.


Ellingsen et al. (1992) examined the total mortality and cancer incidence among 799 workers
employed for more than 1 year in two Norwegian chloralkali plants.  Mortality incidence between 1953
and 1988 and cancer incidence between 1953 and 1989 were examined.  Mortality and cancer incidence
were compared with that of the age-adjusted general male Norwegian population.  No increase in total
cancer incidence was reported, but lung cancer was significantly elevated in the workers (rate ratio, 1.66;
95% CI, 1.0-2.6).  No causal relationship can be drawn from the study between mercury exposure and
lung cancer because no correlation existed between cumulative mercury dose, years of employment or
latency time.  Also, the prevalence of smoking was 10 20% higher in the exposed workers, and many
workers were also exposed to asbestos. 


   II.A.3 ANIMAL CARCINOGENICITY DATA


Inadequate.  Druckrey et al. (1957) administered 0.1 mL of metallic mercury to 39 male and
female rats (BD III and BD IV strains) via intraperitoneal injection.  Among the rats surviving longer
than 22 months, 5/12 developed peritoneal sarcomas.  The increase in the incidence of sarcomas was
observed only in those tissues that had been in direct contact with the mercury.  Although severe kidney
damage was reported in all treated animals, no renal tumors or tumors at any site other than the peritoneal
cavity were observed. 


   II.A.4 SUPPORTING DATA FOR CARCINOGENICITY


Cytogenetic monitoring studies of workers occupationally exposed to mercury by inhalation
provide very limited evidence that mercury adversely affects the number or structure of chromosomes in
human somatic cells.  Popescu et al. (1979) compared four men exposed to elemental mercury vapor with
an unexposed group and found a statistically significant increase in the incidence of chromosome
aberrations in the WBCs from whole blood.  Verschaeve et al. (1976) found an increase in aneuploidy
after exposure to low concentrations of vapor, but results could not be repeated in later studies
(Verschaeve et al., 1979).  Mabille et al. (1984) did not find increases in structural chromosomal
aberrations of lymphocytes of exposed workers.  Similarly, Barregard et al. (1991) found no increase in
the incidence or size of micronuclei and no correlation between micronuclei and blood or urinary
mercury levels of chloralkali workers.  A statistically significant correlation was observed between
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cumulative exposure to mercury and micronuclei induction in T lymphocytes in exposed workers,
suggesting a genotoxic effect. 


  II.B QUANTITATIVE ESTIMATE OF CARCINOGENIC RISK FROM ORAL EXPOSURE


None.


  II.C QUANTITATIVE ESTIMATE OF CARCINOGENIC RISK FROM INHALATION
EXPOSURE


None.


  II.D EPA DOCUMENTATION, REVIEW, AND CONTACTS (CARCINOGENICITY
ASSESSMENT)


   II.D.1 EPA DOCUMENTATION


Source document -- U.S. EPA, 1995


This IRIS summary is included in The Mercury Study Report to Congress which was reviewed
by OHEA and EPA's Mercury Work Group in November 1994.  An interagency review by scientists from
other federal agencies took place in January 1995.  The report was also reviewed by a panel of
non-federal external scientists in January 1995 who met in a public meeting on January 25-26.  All
reviewers comments have been carefully evaluated and considered in the revision and finalization of this
IRIS summary.  A record of these comments is 
summarized in the IRIS documentation files.


   II.D.2 REVIEW (CARCINOGENICITY ASSESSMENT)


Agency Work Group Review -- 01/13/88, 03/03/94


Verification Date -- 03/03/94


   II.D.3 U.S. EPA CONTACTS (CARCINOGENICITY ASSESSMENT)


Rita Schoeny / NCEA -- (513)569-7544
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  I.A REFERENCE DOSE FOR CHRONIC ORAL EXPOSURE (RfD)


Substance Name -- Mercuric chloride (HgCl2)
CASRN -- 7487-94-7
Preparation Date -- 11/01/88


   I.A.1 ORAL RfD SUMMARY


Critical Effect Experimental Doses* UF MF RfD


Autoimmune effects NOAEL: None 1000 1 3E-4
mg/kg-day


Rat Subchronic LOAEL: 0.226 mg/kg-day
Feeding and
Subcutaneous LOAEL: 0.317 mg/kg-day
Studies


LOAEL: 0.633 mg/kg-day
U.S. EPA, 1987


* Conversion Factors and Assumptions -- Dose conversions in the three studies employed a 0.739 factor
for HgCl2 to Hg2+, a 100% factor for subcutaneous (s.c.) to oral route of exposure, and a time-weighted
average for days/week of dosing.  This RfD is based on the back calculations from a Drinking Water
Equivalent Level (DWEL), recommended to and subsequently adopted by the Agency, of 0.010 mg/L:
(RfD = 0.010 mg/L x 2 L/day/70 kg bw = 0.0003 mg/kg bw/day).  The LOAEL exposure levels, utilized
in the three studies selected as the basis of the recommended DWEL, are from Druet et al. (1978),
Bernaudin et al. (1981) and Andres (1984), respectively.


   I.A.2 PRINCIPAL AND SUPPORTING STUDIES (ORAL RfD)


U.S. EPA.  1987.  Peer Review Workshop on Mercury Issues.  Summary Report.  Environmental Criteria
and Assessment Office, Cincinnati, OH.  October 26-27. 


On October 26-27, 1987, a panel of mercury experts met at a Peer Review Workshop on Mercury
Issues in Cincinnati, Ohio, and reviewed outstanding issues concerning the health effects and risk
assessment of inorganic mercury (U.S. EPA, 1987).  The following five consensus conclusions and
recommendations were agreed to as a result of this workshop:


1) The most sensitive adverse effect for mercury risk assessment is formation of
mercuric-mercury-induced autoimmune glomerulonephritis.  The production and
deposition of IgG antibodies to the glomerular basement membrane can be considered
the first step in the formation of this mercuric-mercury-induced autoimmune
glomerulonephritis. 
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2) The Brown Norway rat should be used for mercury risk assessment.  The Brown Norway
rat is a good test species for the study of Hg2+-induced autoimmune glomerulonephritis. 
The Brown Norway rat is not unique in this regard (this effect has also been observed in
rabbits).


3) The Brown Norway rat is a good surrogate for the study of mercury-induced kidney
damage in sensitive humans.  For this reason, the uncertainty factor used to calculate
criteria and health advisories (based on risk assessments using the Brown Norway rat)
should be reduced by 10-fold.


4) Hg2+ absorption values of 7% from the oral route and 100% from the s.c. route should
be used to calculate criteria and health advisories.


5) A DWEL of 0.010 mg/L was recommended based on the weight of evidence from the
studies using Brown Norway rats and limited human tissue data.


Three studies using the Brown Norway rat as the test strain were chosen from a larger selection of studies
as the basis for the panel's recommendation of 0.010 mg/L as the DWEL for inorganic mercury.  The
three studies are presented below for the sake of completeness.  It must be kept in mind, however, that
the recommended DWEL of 0.010 mg/L and back calculated oral RfD of 0.0003 mg/kg-day were arrived
at from an intensive review and workshop discussions of the entire inorganic mercury data base, not just
from one study.


In the Druet et al. (1978) study, the duration of exposure was 8-12 weeks; s.c. injection was used
instead of oral exposure.  In this study the development of kidney disease was evaluated.  In the first
phase the rats developed anti-GBM antibodies.  During the second phase, which is observed after 2-3
months, the patterns of fixation of antisera changed from linear to granular as the disease progressed. 
The immune response was accompanied by proteinuria and in some cases by a nephrotic syndrome. 


Both male and female Brown Norway rats 7-9 weeks of age were divided into groups of 6-20
animals each.  The numbers of each sex were not stated.  The animals received s.c. injections of mercuric
chloride (HgCl2) 3 times weekly for 8 weeks, with doses of 0, 100, 250, 500, 1000 and 2000 ug/kg.  An
additional group was injected with a 50 ug/kg dose for 12 weeks.  Antibody formation was measured by
the use of kidney cryostat sections stained with a fluoresceinated sheep anti-rat IgG antiserum.  Urinary
protein was assessed by the biuret method (Druet et al., 1978).


Tubular lesions were observed at the higher dose levels.  Proteinuria was reported at doses of 100
ug/kg and above, but not at 50 ug/kg.  Proteinuria was considered a highly deleterious effect, given that
affected animals developed hypoalbuminemia and many died.  Fixation of IgG antiserum was detected in
all groups except controls (Druet et al., 1978).


Bernaudin et al. (1981) reported that mercurials administered by inhalation or ingestion to Brown
Norway rats developed a systemic autoimmune disease.  The HgCl2 ingestion portion of the study
involved the forcible feeding of either 0 or 3000 ug/kg-week of HgCl2 to male and female Brown
Norway rats for up to 60 days.  No abnormalities were reported using standard histological techniques in
either experimental or control rats.  Immunofluorescence histology revealed that 80% (4/5) of the
mercuric-exposed rats were observed with a linear IgG deposition in the glomeruli after 15 days of
exposure.  After 60 days of HgCl2 exposure, 100% (5/5) of the rats were seen with a mixed linear and
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granular pattern of IgG deposition in the glomeruli and granular IgG deposition in the arteries.  Weak
proteinuria was observed in 60% (3/5) of the rats fed HgCl2 for 60 days.  The control rats were observed
to have no deposition of IgG in the glomeruli or arteries as well as normal urine protein concentrations. 


Andres (1984) administered HgCl2 (3 mg/kg in 1 mL of water) by gavage to five Brown Norway
rats and two Lewis rats twice a week for 60 days.  A sixth Brown Norway rat was given only 1 mL of
water by gavage twice a week for 60 days.  All rats had free access to tap water and pellet food.  After
2-3 weeks of exposure, the Brown Norway HgCl2-treated rats started to lose weight and hair.  Two of the
HgCl2-treated Brown Norway rats died 30-40 days after beginning the study.  No rats were observed to
develop detectable proteinuria during the 60-day study.  The kidneys appeared normal in all animals
when evaluated using standard histological techniques, but examination by immunofluorescence showed
deposits of IgG present in the renal glomeruli of only the mercuric-treated Brown Norway rats.  The
Brown Norway treated rats were also observed with mercury-induced morphological lesions of the ileum
and colon with abnormal deposits of IgA in the basement membranes of the intestinal glands and of IgG
in the basement membranes of the lomina propria.  All observations in the Lewis rats and the control
Brown Norway rat appeared normal. 


   I.A.3 UNCERTAINTY AND MODIFYING FACTORS (ORAL RfD)


UF -- An uncertainty factor of 1000 was applied to the animal studies using Brown Norway rats as
recommended in U.S. EPA (1987).  An uncertainty factor was applied for LOAEL to NOAEL
conversion: 10 for use of subchronic studies and a combined 10 for both animal to human and sensitive
human populations.


MF -- None


   I.A.4 ADDITIONAL STUDIES / COMMENTS (ORAL RfD)


Kazantzis et al. (1962) performed renal biopsies in 2 (out of 4) workers with nephrotic syndrome
who had been occupationally exposed to mercuric oxide, mercuric acetate and probably mercury vapors. 
Investigators reported that the nephrotic syndrome observed in 3 of the 4 workers may have been an
idiosyncratic reaction since many other workers in a factory survey had similarly high levels of urine
mercury without developing proteinuria.  This conclusion was strengthened by work in Brown Norway
rats indicating a genetic (strain) susceptibility and that similar mercury-induced immune system
responses have been seen in affected humans and the susceptible Brown Norway rats (U.S. EPA, 1987).


The only chronic ingestion study designed to evaluate the toxicity of mercury salts was reported
by Fitzhugh et al. (1950).  In this study, rats of both sexes (20-24/group) were given 0.5, 2.5, 10, 40 or
160 ppm mercury as mercuric acetate in their food for up to 2 years.  Assuming food consumption was
equal to 5% bw/day, the daily intake would have been 0.025, 0.125, 0.50, 2.0 and 8.0 mg/kg for the five
groups, respectively.  At the highest dose level, a slight depression of body weight was detected in male
rats only.  The statistical significance of this body-weight depression was not stated.  Kidney weights
were significantly (p<0.05) increased at the 2.0 and 8.0 mg/kg dose levels.  Pathological changes
originating in the proximal convoluted tubules of the kidneys were also noted, with more severe effects
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in females than males.  The primary weaknesses of this study were (1) the lack of reporting on which
adverse effects were observed with which dosing groups and (2) that the most sensitive strain, the Brown
Norway rat, was not used for evaluating the mercury-induced adverse health effects. 


NTP (1993) conducted subchronic and chronic gavage toxicity studies on Fischer 344 rats and
B6C3F1 mice to evaluate the effects of HgCl2, and the kidney appeared to be the major organ affected. 
In the 6-month study, Fischer 344 rats (10/sex /group) were administered 0, 0.312, 0.625, 1.25, 2.5 or 5
mg/kg-day of HgCl2 (0.23, 0.46, 0.92, 1.9 and 3.7 mg/kg-day) 5 days/week by gavage.  Survival was not
affected, although body-weight gains were decreased in males at high dose and in females at or above the
0.46 mg/kg-day dose.  Absolute and relative kidney weights were significantly increased in both sexes
with exposure to at least 0.46 mg/kg-day.  In males, the incidence of nephropathy was 80% in the
controls and 100% for all treated groups; however, severity was minimal in the controls and two
low-dose groups and minimal to mild in the 0.92 mg/kg-day group and higher.  In females, there was a
significant increased incidence of nephropathy only in the high-dose group (4/10 with minimal severity). 
Nephropathy was characterized by foci of tubular regeneration, thickened tubular basement membrane
and scattered dilated tubules containing hyaline casts.  No treatment-related effects were 
observed in the other organs; however, histopathology on the other organs was performed only on control
and high-dose rats.


B6C3F1 mice (10/sex/group) were administered 0, 1.25, 2.5, 5, 10 or 20 mg/kg-day HgCl2 (0,
0.92, 1.9,3.7, 7.4 or 14.8 mg/kg-day) 15 days/week by gavage for 6 months (NTP 1993).  A decrease in
body-weight gain was reported in only the males at the highest dose tested.  Significant increases
occurred in absolute kidney weights of male mice at 3.7 mg/kg-day or greater and relative kidney weights
of male mice at 7.4 and 14.8 mg/kg-day doses.  The kidney weight changes corresponded to an increased
incidence of cytoplasmic vacuolation of renal tubule epithelium in males exposed to at least 3.7
mg/kg-day.  The exposed female mice did not exhibit any histopathologic changes in the kidneys. 


In the 2-year NTP study, Fischer 344 rats (60/sex/group) were administered 0, 2.5 and 5
mg/kg-day HgCl2 (1.9 and 3.7 mg/kg-day) 5 days week by gavage (NTP, 1993).  After 2 years, survival
was reduced in only the treated male rat groups compared with the control.  Mean body weights were
decreased in both male and female treated groups.  After 2 years, an increased incidence of nephropathy
of moderate-to-marked severity and increased incidence of tubule 
hyperplasia was observed in the kidneys of exposed males compared with the controls.  The control
males exhibited nephropathy, primarily of mild-to-moderate severity.  Hyperparathyroidism,
mineralization of various tissues and fibrous osteodystrophy were observed and considered secondary to
the renal impairment.  No significant differences were found in renal effects between exposed and
control females.  Other nonneoplastic effects included an increased incidence of forestomach hyperplasia
in the exposed males and high-dose females. 


NTP (1993) also administered to B6C3F1 mice (60/sex/group) daily oral gavage doses of 0, 5 or
10 mg/kg-day HgCl2 (0, 3.7 and 7.4 mg/kg-day) 5 days/week by gavage for 2 years.  Survival and body
weights of mice were slightly lower in HgCl2-treated mice compared with controls.  Absolute kidney
weights were significantly increased in the treated males, while relative kidney weights were
significantly increased in high-dose males and both low- and high-dose females.  Histopathology
revealed an increase in the incidence and severity of nephropathy in exposed males and an increase in the
incidence of nephropathy in exposed females.  Nephropathy was defined as foci of proximal convoluted
tubules with thickened basement membrane and basophilic cells with scant cytoplasm.  Some affected
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convoluted tubules contained syaline casts.  Also, an increase in nasal cavity inflammation (primarily
infiltration of granulocytes in nasal mucosa) was observed in the exposed animals. 


Gale and Ferm (1971) studied the teratogenic effects of mercuric acetate on Syrian golden
hamsters.  Single doses of 2, 3 or 4 mg/kg were injected by the i.v. route on day 8 of gestation.  Growth
retardation, increased resorption rates and edema of the fetuses were found at all three dose levels, while
an increase in the number of abnormalities was detected at the two higher doses.  In a more recent study,
Gale (1981) compared the embryotoxic effects of a single s.c. dose of 15 mg/kg mercuric acetate on the
eighth day of gestation in five inbred strains and one noninbred strain of Syrian hamsters.  While strain
differences were apparent, a variety of abnormalities were reported in all the strains.  Gale (1974) also
compared the relative effectiveness of different exposure routes in Syrian hamsters.  The following
sequence of decreasing efficacy was noted for mercuric acetate; i.p. > i.v. > s.c. > oral.  The lowest doses
used, 2 mg/kg for i.p. and 4 mg/kg for the other three routes, were all effective in causing increased
resorption and percent abnormalities. 


In male mice administered a single i.p. dose of 1 mg/kg HgCl2, fertility decreased between days
28 and 49 post treatment with no obvious histological effects noted in the sperm (Lee and Dixon, 1975). 
The period of decreased fertility indicated that spermatogonia and premeiotic spermatocytes were
affected.  The effects were less severe than following a similar dose of methyl mercury.  A single i.p.
dose of 2 mg/kg HgCl2 in female mice resulted in a significant decrease in the total number of implants
and number of living embryos and a significant increase in the percentage of dead implants (Suter, 1975). 
These effects suggest that mercury may be a weak inducer of dominant lethal mutations.


   I.A.5 CONFIDENCE IN THE ORAL RfD


Study -- N/A
Data Base -- High
RfD -- High


No one study was found adequate for deriving an oral RfD; however, based on the weight of
evidence from the studies using Brown Norway rats and the entirety of the mercuric mercury data base,
an oral RfD of high confidence results. 


   I.A.6 EPA DOCUMENTATION AND REVIEW OF THE ORAL RfD


Source Document -- U.S. EPA, 1988


This IRIS summary is included in The Mercury Study Report to Congress, which was reviewed
by OHEA and EPA's Mercury Work Group in November 1994.  An interagency review by scientists from
other federal agencies took place in January 1995.  The report was also reviewed by a panel of
non-federal external scientists in January 1995 who met in a public meeting on January 25-26.  All
reviewers comments have been carefully evaluated and considered in the revision and finalization of this
IRIS summary.  A record of these comments is 
summarized in the IRIS documentation files.
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Other Docmentation -- U.S. EPA, 1987


Agency Work Group Review -- 08/05/85, 02/05/86, 08/19/86, 11/16/88 


Verification Date -- 11/16/88


   I.A.7 EPA CONTACTS (ORAL RfD)


W. Bruce Peirano / NCEA -- (513)569-7540


Krishan Khanna / OST -- (202)260-7588
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  II. CARCINOGENICITY ASSESSMENT FOR LIFETIME EXPOSURE


Substance Name -- Mercuric Chloride
CASRN -- 7487-94-7
Preparation Date -- 5/24/94


  II.A EVIDENCE FOR CLASSIFICATION AS TO HUMAN CARCINOGENICITY


   II.A.1 WEIGHT-OF-EVIDENCE CLASSIFICATION


Classification -- C; possible human carcinogen


Basis -- Based on the absence of data in humans and limited evidence of carcinogenicity in rats and mice. 
Focal papillary hyperplasia and squamous cell papillomas in the forestomach as well as thyroid follicular
cell adenomas and carcinomas were observed in male rats gavaged with mercuric chloride for 2 years. 
The relevance of the forestomach papillomas to assessment of cancer in humans is questionable because
no evidence indicated that the papillomas progressed to malignancy.  The relevance of the increase in
thyroid tumors has also been questioned because these tumors are generally considered to be secondary
to hyperplasia; this effect was not observed in the high-dose males.  It should also be noted that the
authors considered the doses used in the study to exceed the MTD for male rats.  In the same study,
evidence for increases in squamous cell papillomas in the forestomach of female rats was equivocal.  In a
second study, equivocal evidence for renal adenomas and adenocarcinomas was observed in male mice;
there was a significant positive trend.  This tumor type is rare in mice, and the increase in incidence was
statistically significant when compared with historic controls.  Two other nonpositive lifetime rodent
studies were considered inadequate.  Mercuric chloride showed mixed results in a number of
genotoxicity assays.


   II.A.2 HUMAN CARCINOGENICITY DATA


None.  No data are available on the carcinogenic effects of mercuric chloride in humans. 


   II.A.3 ANIMAL CARCINOGENICITY DATA


Limited.  The results from a dietary study in rats and mice show equivocal evidence for
carcinogenic activity in male mice and female rats and some evidence for carcinogenic activity in male
rats.  Two other dietary studies did not show any evidence for carcinogenicity, but these studies are
limited by inadequacies in the data and experimental design, including the small number of animals/dose
and/or a lack of complete histopathological examinations. 


Mercuric chloride (purity >99%) was administered by gavage in water at doses of 0, 2.5 or 5
(mg/kg)/day (0, 1.9 and 3.7 (mg/kg)/day) to 60 F344 rats/sex/group, 5 days/week for 104 weeks (NTP,
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1993).  An interim sacrifice (10/sex/dose) was conducted after 15 months of exposure.   Complete
histopathological examinations were performed on all animals found dead, killed in extremis, or killed by
design.  Survival after 24 months was lower in low- and high-dose males at a statistically significant rate;
survival was 43, 17 and 8% in control, low-, and high-dose males, respectively, and 58, 47 and 50% in
control, low-, and high-dose females, respectively.  During the second year of the study, body weight
gains of low- and high-dose males were 91 and 85% of controls, respectively, and body weight gains of
low- and high-dose females were 90 and 86% of controls, respectively.  At study termination,
nephropathy was evident in almost all male and female rats including controls, but the severity was much
greater in treated males.  The incidence of "marked" nephropathy was 6/50, 29/50 and 29/50 in control,
low- and high-dose males, respectively.  Squamous cell papillomas of the forestomach showed a
statistically significant positive trend with dose by life table adjusted analysis; the incidences were 0/50,
3/50 and 12/50 in control, low- and high-dose males, respectively.  For females, the incidence was 0/50,
0/49 and 2/50 in control, low- and high-dose groups, respectively.  These neoplasms are rare in male rats
and occurred in only 1/264 historical controls.  The incidence of papillary hyperplasia of the stratified
squamous epithelium lining of the forestomach was elevated at a statistically significant rate in all dosed
males (3/49, 16/50 and 35/50 in control, low- and high-dose males, respectively) and in high-dose
females (5/50, 5/49 and 20/50 in control, low-and high-dose females, respectively).  The incidence of
thyroid follicular cell carcinomas, adjusted for survival, showed a significant positive trend in males; the
incidence was 1/50, 2/50 and 6/50 in control, low- and high-dose groups, respectively.  The combined
incidence of thyroid follicular cell neoplasms (adenoma and/or carcinoma) was not significantly
increased (2/50, 6/50 and 6/50 in control, low- and high-dose males, respectively).  In female rats a
significant decrease in the incidence of mammary gland fibroadenomas was observed (15/50, 5/48 and
2/50 in control, low- and high-dose females, respectively).  The high mortality in both groups of treated
males indicates that the MTD was exceeded in these groups and limits the value of the study for
assessment of carcinogenic risk.  NTP (1993) considered the forestomach tumors to be of limited
relevance to humans because the tumors did not appear to progress to malignancy.  NTP (1993) also
questioned the relevance of the thyroid carcinomas because these neoplasms are usually seen in
conjunction with increased incidences of hyperplasia and adenomas.  In this study, however, no 
increases in hyperplasia or adenomas were observed.  Hyperplasia incidence was 2/50, 4/50 and 2/50 in
control, low- and high-dose males, respectively; adenoma incidence was 1/50, 4/50 and 0/50 in control,
low- and high-dose males, respectively. 


In the same study, mercuric chloride was administered by gavage in water at doses of 0, 5 or 10
(mg/kg)/day (0, 3.7 and 7.4 (mg/kg)/day) to 60 B6C3F1 mice/sex/group 5 days/week for 104 weeks
(NTP, 1993).  An interim sacrifice (10/sex/dose) was conducted after 15 months of exposure.  Terminal
survival and body weight gain were not affected in either sex by the administration of mercuric chloride. 
It should be noted that survival of high-dose females was lower than controls; female survival rates were
82, 70 and 62% in control, low- and high-dose females, respectively.  Female mice exhibited a significant
increase in the incidence of nephropathy (21/49, 43/50 and 42/50 in control, low- and high-dose females,
respectively).  Nephropathy was observed in 80-90% of the males in all groups.  The severity of
nephropathy increased with increasing dose.  The incidence of renal tubular hyperplasia was 1/50, 0/50
and 2/49 in control, low- and high-dose males.  The combined incidence of renal tubular adenomas and
adenocarcinomas was 0/50, 0/50 and 3/49 in control, low- and high-dose males, respectively.  Although
no tumors were seen in the low-dose males, a statistically significant positive trend for increased
incidence with increased dose was observed.  These observations were considered important because
renal tubular hyperplasia and tumors in mice are rare.  The 2-year historical incidence of renal tubular
adenomas or adenocarcinomas in males dosed by gavage with water was 0/205, and only 4 of the nearly
400 completed NTP studies have shown increased renal tubular neoplasms in mice.  Data from this study







B-30


were not statistically compared with historical control data by NTP.  EPA's analysis of the reported data
with Fisher's Exact test showed that the incidence of renal tubular adenomas or adenocarcinomas in the
high-dose males was significantly elevated when compared with historical controls (Rice and Knauf,
1994).


A 2-year feeding study in rats (20 or 24/sex/group; strain not specified) was conducted in which
mercuric acetate was administered in the diet at doses of 0, 0.5, 2.5, 10, 40 and 160 ppm (0, 0.02, 0.1,
0.4, 1.7 and 6.9 (mg Hg/kg)/day (Fitzhugh et al., 1950).  Survival was not adversely affected in the study. 
Increases in kidney weight and renal tubular lesions were observed at the two highest doses.  No
statement was made in the study regarding carcinogenicity.  This study was not intended to be a
carcinogenicity assay, and the number of animals/dose was rather small.  Histopathological analyses
were conducted on only 50% of the animals (complete histopathology conducted on only 31% of the
animals examined), and no quantitation of results or statistical analyses were performed.


No increase in tumor incidence was observed in a carcinogenicity study using white Swiss mice
(Schroeder and Mitchener, 1975).  Groups of mice (54/sex/group) were exposed until death to mercuric
chloride in drinking water at 5 ppm Hg (0.95 (mg/kg)/day).  No effects on survival or body weights were
observed.  After dying, mice were weighed and dissected.  The animals were examined for gross tumors,
and some sections were made of the heart, lung, liver, kidney and spleen for microscopic examination. 
No toxic effects of mercuric chloride were reported in the study.  No statistically significant differences
were observed in tumor incidences for treated animals and controls.  This study is of limited use for
evaluation of carcinogenicity because complete histological examinations were not performed, only a
single dose was tested, and the MTD was not achieved.


   II.A.4 SUPPORTING DATA FOR CARCINOGENICITY


The increasing trend for renal tubular cell tumors in mice observed in the NTP (1993) study
receives some support from similar findings in mice after chronic dietary exposure to methylmercury
(Hirano et al., 1986; Mitsumori et al., 1981, 1990).  In these studies, dietary exposure to methylmercuric
chloride resulted in increases in renal tubular tumors at doses wherein substantial nephrotoxicity was
observed (see methylmercury file on IRIS).


As summarized in NTP (1993) and U.S. EPA (1985), mercuric chloride has produced some
positive results for clastogenicity in a variety of in vitro and in vivo genotoxicity assays; mixed results
regarding its mutagenic activity have been reported.  Mercuric chloride was negative in gene mutation
tests with Salmonella typhimurium (NTP, 1993; Wong, 1988) but produced DNA damage as measured in
the Bacillus subtilis rec assay (Kanematsu et al., 1980).  A 
weakly positive response for gene mutations was observed in mouse lymphoma (L5178Y) cells in the
presence of microsomal activation (Oberly et al., 1982).  DNA damage has also been observed in assays
using rat and mouse embryo fibroblasts (Zasukhina et al., 1983), CHO cells and human KB cells
(Cantoni and Costa, 1983; Cantoni et al., 1982, 1984a,b; Christie et al., 1984, 1986; 
NTP, 1993; Williams et al., 1987).  Mercuric chloride also produced chromosome aberrations and SCEs
in CHO cells (Howard et al., 1991) and chromosome aberrations in human lymphocytes (Morimoto et al.,
1982).  Sex-linked recessive lethal mutations were not observed in male Drosophila melanogaster (NTP,
1993).
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Although mice given intraperitoneal doses of mercuric chloride have shown no increase in
chromosomal aberrations in bone marrow cells (Poma et al., 1981) and no increase in aneuploidy in
spermatogonia (Jagiello and Lin, 1973), mercuric chloride administered to mice by gavage induced a
dose-related increase in chromosome aberrations and aberrant cells in the bone marrow (Ghosh et al.,
1991).  Similarly, an increased incidence of chromosomal aberrations (primarily deletion and numeric
aberrations) was observed in livers of fetal mice exposed to mercury in utero as the result of maternal
inhalation of aerosols of mercuric chloride (Selypes et al., 1984).  Positive dominant lethal results
(increased resorptions and post-implantation deaths in 
untreated females) have been obtained in studies in which male rats were administered mercuric chloride
orally (Zasukhina et al., 1983).  A slight increase in post-implantation deaths and a decrease in living
embryos were also reported in treated female mice mated to untreated males (Suter, 1975); however, it
was not clear whether these effects were the result of germ cell 
mutations or were secondary to maternal toxicity.


The effects of mercuric chloride on genetic material has been suggested to be due to the ability of
mercury to inhibit the formation of the mitotic spindle, an event known as c-mitosis (U.S. EPA, 1985).


  II.B QUANTITATIVE ESTIMATE OF CARCINOGENIC RISK FROM ORAL EXPOSURE


 None.  The incidences of squamous cell papillomas of the forestomach and thyroid follicular
cell carcinomas were evaluated.  No slope factor was derived using the forestomach tumors because these
tumors are probably the result of doses of mercuric chloride above-MTD resulting in irritation of the
forestomach and subsequent cell death and epithelial proliferation.  The carcinogenic mechanism for
mercuric chloride at the high doses observed may be specific to effects of irritation of the forestomach.


Regarding the thyroid carcinomas, a variety of drugs, chemicals and physiological perturbations
result in the development of thyroid follicular tumors in rodents.  For a number of chemicals, the
mechanism of tumor development appears to be a secondary effect of long-standing hypersecretion of
thyroid-stimulating hormone by the pituitary (Capen and Martin, 1989; McClain, 1989).  In the absence
of such long-term stimulatory effects, induction of thyroid follicular cell cancer by such chemicals
usually does not occur (Hill, 1989).  The mechanism whereby thyroid tumors developed in the NTP
(1993) assay is very unclear given that hyperplasia was not observed.  The study reviewers concluded
that it was difficult to associate the increase in thyroid tumors with mercuric chloride administration. 
Thus, it would be of questionable value to use the thyroid tumors in rats as the basis for a quantitative
cancer risk estimate for humans. 


All tumors in rats were observed at doses equalling or exceeding the MTD.  Kidney tumors in
mice were observed in only the high-dose males.  The increased incidence was not statistically significant
in comparison to the concurrent controls, but was significant when compared with historical controls.  A
linear low-dose extrapolation based on the male mouse kidney tumor data (three tumors in the high-dose
group only) is not appropriate. 


  II.C QUANTITATIVE ESTIMATE OF CARCINOGENIC RISK FROM INHALATION
EXPOSURE


None.
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  II.D EPA DOCUMENTATION, REVIEW AND CONTACTS (CARCINOGENICITY
ASSESSMENT)


   II.D.1 EPA DOCUMENTATION


Source Document -- U.S. EPA, 1995


This IRIS summary is included in The Mercury Study Report to Congress which was reviewed
by OHEA and EPA's Mercury Work Group in November 1994.  An interagency review by scientists from
other federal agencies took place in January 1995.  The report was also reviewed by a panel of
non-federal external scientists in January 1995 who met in a public meeting on January 25-26.  All
reviewers comments have been carefully evaluated and considered in the revision and finalization of this
IRIS summary.  A record of these comments is summarized in the IRIS documentation files.


   II.D.2 REVIEW (CARCINOGENICITY ASSESSMENT)


Agency Work Group Review -- 03/03/94   


Verification Date -- 03/03/94


   II.D.3 U.S. EPA CONTACTS (CARCINOGENICITY ASSESSMENT)


Rita Schoeny / NCEA -- (513)569-7544
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  I.A. REFERENCE DOSE FOR CHRONIC ORAL EXPOSURE (RfD)


Chemical -- Methylmercury (MeHg)
CASRN -- 22967-92-6
Preparation Date -- 2/10/95


   I.A.1 ORAL RfD SUMMARY


Critical Effect Experimental Doses* UF MF RfD


Developmental Benchmark Dose: 11 ppm 10 1 1E-4
neurologic in hair; equivalent to mg/kg-day
abnormalities maternal blood levels
in human infants 44 ug/L and body


burdens of 69 ug or
Human epidemiologic daily intake of 1.1
studies ug/kg-day


Marsh et al., 1987; Seafood Safety, 1991


* Conversion Factors and Assumptions -- Maternal daily dietary intake levels were used as the dose
surrogate for the observed developmental effects in the infants.  The daily dietary intake levels were
calculated from hair concentrations measured in the mothers.  This conversion is explained in the text
below.  A benchmark dose approach was used rather than a NOAEL/LOAEL approach to analyze the
neurological effects in infants as the response variable.  This analysis is also explained in the text below.


   I.A.2 PRINCIPAL STUDIES (ORAL RfD)


Marsh, D.O., T.W. Clarkson, C. Cox, L. Amin-Zaki and S. Al-Trkiriti.  1987.  Fetal methylmercury
poisoning:  Relationship between concentration in a single strand of maternal hair and child effects. 
Arch. Neurol.  44: 1017-1022. 


Seafood Safety.  1991.  Committee on Evaluation of the Safety of Fishery Products, Chapter on
Methylmercury:  FDA Risk Assessment and Current Regulations, National Academy Press, Washington,
DC.  p. 196-221. 


In 1971-1972 many citizens in rural Iraq were exposed to MeHg-treated seed grain that was
mistakenly used in home-baked bread.  Latent toxicity was observed in many adults and children who
had consumed bread over a 2- to 3-month period.  Infants born to mothers who ate contaminated bread
during gestation were the most sensitive group.  Often infants exhibited neurologic abnormalities while
their mothers showed no signs of toxicity.  Some information indicates that male infants are more
sensitive than females.  Among the signs noted in the infants exposed during fetal development were
cerebral palsy, altered muscle tone and deep tendon reflexes as well as delayed developmental
milestones, i.e., walking by 18 months and talking by 24 months.  The neurologic signs noted in adults
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included paresthesia, ataxia, reduced visual fields and hearing impairment.  Some mothers experienced
paresthesia and other sensory disturbances but these symptoms were not necessarily correlated with
neurologic effects in their children.  Unique analytic features of mercury (Hg), that is, analysis of
segments of hair correlated to specific time periods in the past permitted approximation of maternal
blood levels that the fetuses were exposed to in utero.  The data collected by Marsh et al. (1987)
summarizes clinical neurologic signs of 81 mother and child pairs.  From x-ray fluorescent spectrometric
analysis of selected regions of maternal scalp hair, concentrations ranging from 1 to 674 ppm were
determined and correlated with clinical signs observed in the affected members of the mother-child pairs. 
Among the exposed population were affected and unaffected individuals throughout the dose-exposure
range.


While the purpose of the Seafood Safety publication was to critique the quantitative risk
assessment that FDA had performed for MeHg, this material is included in the EPA risk assessment
because the Tables of Incidence of various clinical effects in children that were provided in the FDA
assessment readily lend themselves to a benchmark dose approach.  Specifically the continuous data for
the Iraqi population that was reported in Marsh et al. (1987) are placed in five dose groups and incidence
rates are provided for delayed onset of walking, delayed onset of talking, mental symptoms, seizures,
neurological scores above 3 and neurological scores above 4 for affected children.  Neurologic scores
were determined by clinical evaluation for cranial nerve signs, speech, involuntary movement, limb tone
strength, deep tendon reflexes, plantar responses, coordination, dexterity, primitive reflexes, sensation,
posture, and ability to sit, stand and run.  This paper provided groupings of the 81 mother-infant pairs for
various effects, and the authors present the data in Tables 6-11 through 6-16B.


EQUATION USED FOR CALCULATION OF DAILY DOSE:  From the concentration of Hg present in
maternal hair, a corresponding blood concentration value is determined. A hair concentration of 11 ppm
converts to a blood concentration of 44 ug/L; the following equation can then be used to determine the
daily dose that corresponds to that blood concentration of Hg.  Use of this equation is based on the
assumption that steady-state conditions exist and that first-
order kinetics for Hg are being followed.


d = (C x b x V)/(A x f)


d (ug/day) = 44 ug/L multiplied by 0.014 multiplied by 5 liters divided by 0.95 then divided by
0.05 yields 65 ug/day


where:


d = daily dietary intake (expressed as ug of MeHg)


C = concentration in blood (expressed as ug/L)


b = elimination constant (expressed as days-1)


V = volume of blood in the body (expressed as liters)


A = absorption factor (unitless)


f = fraction of daily intake taken up by blood (unitless)
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The following sections provide the data and rationale supporting the choice of parameter values
used in the conversion equation.  It should be noted that even if the upper or lower ranges of the
parameter values were used, the conversion factor precision remains the same due to rounding error.  The
Agency realizes that new pharmacokinetic data may become available that warrant a change to some of
these parameters. 


HAIR TO BLOOD CONCENTRATION RATIO:  The hair:blood concentration ratio for total Hg is
frequently cited as 250.  The following description provides a justification of why we have chosen to use
the ratio of 250:1.  Ratios reported in the literature range from 140 to 370, a difference of more than a
factor of 2.5.  Differences in the location of hair sampled (head vs chest and distance from scalp) may
contribute to the differences observed.  As much as a 3-fold seasonal variation in Hg levels was observed
in average hair levels for a group of individuals with moderate to high fish consumption rates, with
yearly highs occurring in the fall and early winter (Phelps et al., 1980; Suzuki et al., 1993).  The high
slope reported by Tsubaki and Irukayama (1977) may have reflected the fact that Hg levels were
declining at the time of sampling so that the hair levels reflect earlier, higher blood levels.  Phelps et al.
(1980) obtained multiple blood samples and sequentially analyzed lengths of hair from individuals.  Both
hair and blood samples were taken for 339 individuals in Northwestern Ontario.  After reviewing the
various reports for converting hair concentrations to blood concentrations, the Phelps paper was selected
because of the large sample size and the attention to sampling and analysis.  The ratio Phelps observed
between the total Hg concentration in hair taken close to the scalp and simultaneous blood sampling for
this group was 296.  To estimate the actual ratio, the authors assumed that blood and hair samples were
taken following complete cessation of MeHg intake.  They also assumed a half-life of MeHg in blood of
52 days and a lag of 4 weeks for appearance of the relevant level in hair at the scalp.  Phelps also
determined that 94% of the Hg in hair was MeHg.  Based on these assumptions, they calculated that if
the actual hair:blood ratio was 200, they would have observed a ratio of 290.  Based on these and other
considerations, Phelps states that the actual ratio is "probably higher than 200, but less than the observed
value of 296."  As the authors point out, 2/3 of the study population were sampled during the falling
phase of the seasonal variation (and 1/3 or less in the rising phase).  This methodology would tend to
result in a lower observed ratio; therefore, the actual average is likely to be greater than 200. 


In view of these limitations a value of 250 was considered acceptable for the purpose of
estimating average blood levels in the Iraqi population.  


CALCULATION OF DIETARY INTAKE FROM BLOOD CONCENTRATION:  The first step in this
process is to determine the fraction of Hg in diet that is absorbed.  Radio-labeled methyl-mercuric nitrate
(MeHgNO3) was administered in water to three healthy volunteers (Aberg et al., 1969).  The uptake was
>95%.  Miettinen et al. (1971) incubated fish liver homogenate with radio-labeled MeHgNO3 to produce
methylmercury proteinate.  The proteinate was then fed to fish that were killed after a week and then
cooked and fed to volunteers after confirmation of MeHg in the fish.  Mean uptake exceeded 94%. 
Based on these experimental results, this derivation used an absorption factor of 0.95. 


The next step involves determining the fraction of the absorbed dose that is found in the blood. 
There are three reports on the fraction of absorbed MeHg dose distributed to blood volume in humans. 
Kershaw et al. (1980) report an average fraction of 0.059 of absorbed dose in total blood volume, based
on a study of five adult male subjects who ingested MeHg-contaminated tuna.  In a group of nine male
and six female volunteers who had received 203 Hg-methylmercury in fish approximately 10% of the
total body burden was present in 1 liter of blood in the first few days after exposure, dropping to
approximately 5% over the first 100 days (Miettinen et al., 1971).  In another study, an average value of
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1.14% for the percentage of absorbed dose in 1 kg of blood was derived from subjects who consumed a
known amount of MeHg in fish over a 3-month period (Sherlock et al., 1982).  Average daily intake in
the study ranged from 43-233 ug/day and a dose-related effect on percentage of absorbed dose was
reported that ranged from 1.03-1.26% in 1 liter of blood (each of these values should be multiplied by 5
[since there are approximately 5 liters of blood in an adult human body] to yield the total amount in the
blood compartment).  The value 0.05 has been used for this parameter in the past (WHO, 1990). 


ELIMINATION CONSTANT:  Based on data taken from four studies, reported clearance half-times
from blood or hair ranged from 48-65 days.  Two of these studies included the Iraqi population exposed
during the 1971-1972 outbreak.  The value from the Cox study (Cox et al., 1989) is derived from the
study group that included the mothers of the infants upon which this risk assessment is based.  The
average elimination constant of the four studies is 0.014; the average of individual values reported for 20
volunteers ingesting from 42-233 ug Hg/day in fish for 3 months (Sherlock et al., 1982) is also 0.014.


VOLUME OF BLOOD IN THE BODY AND BODY WEIGHT:  Blood volume is 7% of body weight as
has been determined by various experimental methods and there is an increase of 20 to 30% (to about 8.5
to 9%) during pregnancy (Best and Taylor, 1961).  Specific data for the body weight of Iraqi women
were not found.  Assuming an average body weight of 60 kg. (Snyder et al., 1981) and a blood volume of
9% of body weight during pregnancy, a blood volume of 5.4 liters is derived. 


DERIVATION OF A BENCHMARK DOSE:  Benchmark dose estimates were made for excess risk
above background based on a combination of all childhood neurologic end points.  This method was
chosen since the Agency felt that any childhood neurologic abnormality is considered an adverse effect
and likely to have serious sequelae lasting throughout lifetime.  In addition, grouping of all neurologic
endpoints provided a much better goodness of fit of the data than when any endpoint was used
individually.  The endpoints that were grouped delayed the onset of walking and talking, neurologic
scores <3, mental symptoms, and seizures.  Using these data sets taken from the Seafood Safety paper,
benchmark doses at the 1, 5 and 10% incidence levels were constructed using both Weibull and
polynomial models.  The Weibull model places the maximum likelihood estimate with corresponding
95% confidence level at 11 ppm of MeHg in maternal hair.  The Agency decided to use the lower 95%
confidence level for the 10% incidence rate.  Recent research by Faustman et al. (1994) and Allen et al.
(1994a,b) suggests that the 10% level for the benchmark dose roughly correlates with a NOAEL for
quantal developmental toxicity data.  The 95% lower confidence limits on doses corresponding to the 1,
5, and 10% levels were calculated using both models and the values determined using the polynomial
model always fell within 3% of the Weibull values.  For final quantitative analysis the Weibull model
was chosen because of goodness of fit of the data and because this model has been used in the past by the
Agency for developmental effects.  The experience of the Agency indicates that this model performs well
when modeling for developmental effects.


   I.A.3 UNCERTAINTY AND MODIFYING FACTORS (ORAL RfD)


UF -- An uncertainty factor of 3 is applied for variability in the human population, in particular the
variation in the biological half-life of MeHg and the variation that occurs in the hair:blood ratio for Hg. 
In addition, a factor of 3 is applied for lack of a two-generation reproductive study and lack of data for
the effect of exposure duration on sequelae of the developmental neurotoxicity effects and on adult
paresthesia.  The total UF is 10. 
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MF -- None


   I.A.4 ADDITIONAL STUDIES/COMMENTS (ORAL RfD)


McKeown-Eyssen et al. (1983) have provided a report of neurologic abnormalities in four
communities of Cree Indians in northern Quebec.  A group of 247 children first exhibited clinical signs
consistent with MeHg exposure between 12 and 30 months of age.  An attempt was made to account for
possible confounding factors; the interviewers determined alcohol and tobacco consumption patterns
among the mothers of affected children.  Age of the mothers and multiparity was also taken into account
in analysis of the data.  The average indices of exposure were the same for boys and girls at 6 ug/g; only
6% had exposure above 20 ug/g.  The prevalence of multiple abnormal neurologic findings was about 4%
for children of both sexes.  The most frequently observed abnormality was delayed deep tendon reflexes;
this was seen in 11.4% of the boys and 12.2% of the girls.  These investigators found that when there was
a positive association between maternal Hg exposure and abnormal neurologic signs in boys, the
incidence rate was 7.2%.  The incidence rate for neurologic disorders in daughters was less and was
found to be not statistically significant.  Disorders of muscle tone were usually confined to the legs. 
Persistence of the Babinski reflex and incoordination due to delayed motor development were seen with
equal frequency for both sexes.  The discriminant analysis conducted for the boys to distinguish the 15
cases with abnormal muscle tone or reflexes from the 82 normal controls was unable to separate
differences between these groups based on confounding variables.  The prevalence of abnormality of
muscle tone or reflexes was found to increase 7 times with each increase of 10 ug/g of the prenatal
exposure index.  Although this study provides supportive data for the RfD, it is not included with the
principal studies because it was confounded by alcoholism and smoking among 
mothers.


Studies performed in New Zealand investigated the mental development of children who had
prenatal exposure to MeHg (Kjellstrom et al., 1986, 1989).  A group of 11,000 mothers who regularly ate
fish were initially screened by survey and of these about 1000 had consumed fish in three meals per week
during pregnancy.  Working from this large population base, 31 matched pairs were established.  For
proper comparison a reference child matched for ethnic group and age of mother, child's birthplace and
birth date was identified for each high Hg child.  Retrospective Hg concentrations were determined from
the scalp hair of the mothers to match the period of gestation.  The average hair concentration for
high-exposure mothers was 8.8 mg/kg and for the reference group it was 1.9 mg/kg.


The children of exposed mothers were tested at 4 and 6 years of age.  At 4 years of age the
children were tested using the Denver Developmental Screen Test (DDST) to assess the effects of Hg. 
This is a standardized test of a child's mental development that can be administered in the child's home. 
It consists of four major function sectors:  gross motor, fine motor, language, and personal-social.  A
developmental delay in an individual item is scored as 
abnormal, questionable when the child has failed in their response and at least 90% of the children can
pass this item at a younger age.  The results of the DDST demonstrated 2 abnormal scores and 14
questionable scores in the high Hg-exposed group and 1 abnormal and 4 questionable scores in the
control group.  Analysis of the DDST results by sector showed that developmental delays were most
commonly noted in the fine motor and language sectors but the 
differences for the experimental and control groups were not significant.  The investigators noted that
differences in performance of the DDST between high Hg-exposed and referent children could be due to
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confounding variables and that DDST results are highly dependent upon the age of the child. 
Standardized vision tests and sensory tests were also performed to measure 
development of these components of the nervous system.  The prevalence for developmental delay in
children was 52% from high Hg mothers and 17% from mothers of the reference group.  In comparison to
other studied populations, the hair Hg concentration of the mothers in this study were lower than those
associated with CNS effects in children exposed in Japan and Iraq.  Results of the DDST demonstrated 2
abnormal scores and 14 questionable scores in the high 
Hg-exposed group and 1 abnormal and 4 questionable scores in the control group.  Analysis of the DDST
results by sector showed that developmental delays were most commonly noted in the fine motor and
language sectors but the differences for the experimental and control groups were not significant.  The
data obtained from this study is too limited for detailed dose-response analysis.  The differences in
performance of the DDST between high Hg-exposed and referent children could be due to confounding
variables.  DDST results are highly dependent upon the age of the child.  Infants of the Hg-exposed
group more frequently had low birth weights and were more likely to be born prematurely.  Use of this
study is also limited by the fact that there was only a 44% participation rate.


A second stage follow-up of the original Kjellstrom study was carried out when the children
were 6 years old to confirm or refute the developmental findings observed at age 4 (Kjellstrom et al.,
1989).  In this later study the high exposure children were compared with three control groups with lower
prenatal Hg exposure.  The mothers of children in two of these control groups had high fish consumption
and average hair Hg concentrations during pregnancy of 3-6 mg/kg and 0-3 mg/kg, respectively.  For this
study the high exposure group was matched for maternal ethnic group, age, smoking habits, residence,
and sex of the child.  For this second study, 61 of 74 high-exposure children were available for study. 
Each child was tested at age 6 with an array of scholastic, psychological, and behavioral tests which
included the Test of Language Development (TOLD), the Wechsler Intelligence Scale for Children, and
the McCarthy Scale of Children's Abilities.  The results of the tests were compared between groups. 
Confounding was controlled for by using linear multiple regression analysis.  A principal finding was
that normal results of the psychological test variables were influenced by ethnic background and 
social class.  The high prenatal MeHg exposure did decrease performance in the tests, but it contributed
only a small part of the variation in test results.  The investigation found that an average hair Hg level of
13-15 mg/kg during pregnancy was consistently associated with decreased test performance.  Due to the
small size of the actual study groups it was not possible to determine if even lower exposure levels might
have had a significant effect on test 
results.  The Kjellstrom studies are limited for assessing MeHg toxicity because the developmental and
intelligence tests used are not the most appropriate tests for defining the effects of MeHg.  Also, greater
significance was seen in differences of cultural origins of the children than the differences in maternal
hair MeHg concentrations.


The initial epidemiologic report of MeHg poisoning involved 628 human cases that occurred in
Minamata Japan between 1953 and 1960 (Tsubaki and Irukayama, 1977).  The overall prevalence rate for
the Minamata region for neurologic and mental disorders was 59%.  Among this group 78 deaths
occurred and hair concentrations of Hg ranged from 50-700 ug/g.  Hair Hg concentrations were
determined through the use of less precise analytic methods than were available for later studies.  The
specific values derived from these studies do not contribute directly to quantitative risk assessment for
MeHg.  The most common clinical signs observed in adults were paresthesia, ataxia, sensory
disturbances, tremors, impairment of hearing and difficulty in walking.  This particular group of
neurologic signs has become known as "Minimata disease."  Examination of the brains of severely
affected patients that died revealed marked atrophy of the brain (55% normal volume and weight) with
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cystic cavities and spongy foci.  Microscopically, entire regions were devoid of neurons, granular cells in
the cerebellum, golgi cells and Purkinje cells.  Extensive investigations of congenital Minamata disease
were undertaken and 20 cases that occurred over a 4-year period were documented.  In all instances the
congenital cases showed a higher incidence of symptoms than did their mothers.  Severe disturbances of
nervous function were described and the affected offspring were very late in reaching developmental
milestones.  Hair concentrations of Hg in affected infants ranged from 10 to 100 ug/g.  Data on hair Hg
levels for the mothers during gestation were not available.


Rice (1989) dosed five cynomolgus monkeys (Macaca fascicularis) from birth to 7 years of age
with 50 ug/kg-day and performed clinical and neurologic examinations during the dosing period and for
an additional 6 years.  As an indicator of the latent effects of MeHg, objective neurologic examinations
performed at the end of the observation period revealed insensitivity to touch and loss of tactile response. 
In addition, monkeys dosed with MeHg were clumsier and slower to react when initially placed in an
exercise cage as well as in the later stages of the observation period.


Gunderson et al. (1986) administered daily doses of 50-70 ug/kg of MeHg to 11 crab-eating
macaques (Macaca fascicularis) throughout pregnancy which resulted in maternal blood levels of
1080-1330 ug/L in mothers and 1410-1840 ug/L in the offspring.  When tested 35 days after birth the
infants exhibited visual recognition deficits. 


In another study, groups of 7 or 8 female crab-eating macaques (Macaca fascicularis) were dosed
with 0.50 and 90 ug/kg-day of MeHg through four menstrual cycles (Burbacher et al., 1984).  They were
mated with untreated males and clinical observations were made for an additional 4 months.  Two of
seven high-dose females aborted and three did not conceive during the 4-month mating period; the other
two females delivered live infants.  Two of seven females of the 50 ug/kg-day dose group aborted; the
remaining females delivered live infants.  All 8 females of the control group conceived and 6 delivered
live infants.  These reproductive results approached but did not reach statistical significance. 
Reproductive failure within dose groups could be predicted by blood Hg levels.  The dams did not show
clinical signs of MeHg poisoning during the breeding period or gestation but when females were dosed
with 90 ug/kg-day for 1 year 4/7 did show adverse neurologic signs.


Bornhausen et al. (1980) reported a decrease in operant behavior performance in 4-month-old
rats whose dams had received 0.005 and 0.05 mg/kg-day of MeHg on days 6 through 9 of gestation.  A
statistically significant effect (<0.05) was observed in offspring whose dams had received 0.01 and 0.05
mg/kg during gestation.  The authors postulated that more severe effects of in utero exposure would be
seen in humans since the biological half-time of Hg in the brain of humans is 5 times longer than the rat. 
In addition, much longer in utero exposure to Hg would occur in humans since gestation is much longer
in chronologic time.


In another investigation groups of Wistar rats (50/sex/dose) were administered daily doses of 2,
10, 50 and 250 ug/kg-day of MeHg for 26 months (Munro et al., 1980).  Female rats that received 25
ug/kg-day had reduced body weight gains and showed only minimal clinical signs of neurotoxicity;
however, male rats that received this dose did show overt clinical signs of neurotoxicity, had decreased
hemoglobin and hematocrit values, had reduced weight gains, and showed increased mortality. 
Histopathologic examination of rats of both sexes receiving 25 ug/kg-day revealed demyelination of
dorsal nerve roots and peripheral nerves.  Males showed severe kidney damage and females had minimal
renal damage.  This study showed a NOAEL of 5 ug/kg-day and a LOAEL of 25 ug/kg-day. 
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A 2-year feeding study of MeHg chloride was conducted in B6C3F1 mice (60 mice/sex/group) at
doses of 0, 0.4, 2 and 10 ppm (0, 0.04, 0.17, and 0.83 mg/kg-day) to determine chronic toxicity and
possible carcinogenic effects (Mitsumori et al., 1990).  The mice were examined clinically during the
study and neurotoxic signs characterized by posterior paralysis were observed in 33 males after 59 weeks
and 3 females after 80 weeks in the 10 ppm group.  A marked increase in mortality and a significant
decrease in body weight gain were also observed in the 10 ppm male dose group, beginning at 60 weeks. 
Post mortem examination revealed toxic encephalopathy consisting of neuronal necrosis of the brain and
toxic peripheral sensory neuropathy in both sexes of the 10 ppm group.  An increased incidence of
chronic nephropathy was observed in the 2 and 10 ppm males.  Based upon this study a NOAEL of 0.04
mg/kg-day and a LOAEL of 0.17 mg/kg-day was determined.  These results indicated that B6C3F1 mice
are more sensitive to the neurotoxic effects of MeHg than ICR mice. 


KINETICS:  MeHg in the diet is almost completely absorbed into the bloodstream.  Animal studies
indicate (Walsh, 1982) that age has no effect on the efficiency of the gastrointestinal absorption, which is
usually in excess of 90%.  From the bloodstream MeHg is distributed to all tissues, and distribution is
complete within 4 days in humans.  The time necessary to reach peak brain levels from a single oral dose
is 1 or 2 days longer than other tissues and at this time the brain contains 6% of the total dose.  Also at
this time the brain concentration is six times that of the blood.


Methylmercury is converted to inorganic Hg in various tissues at different rates in mammals. 
The fraction of total Hg present as Hg++ depends on the duration of exposure and the time after
cessation of exposure.  The percentages of total Hg present as inorganic Hg++ in tissues of the Iraqi
population exposed for 2 months were:  whole blood 7%, plasma 22%, breast milk 39% and urine 73%. 
Measurements in the hepatic tissue of patients that had died was 16-40% of Hg++. 


The fecal pathway accounts for 90% of the total elimination of Hg in mammals after exposure to
MeHg.  Essentially all Hg in feces is in the inorganic form.  The process of fecal elimination begins with
biliary excretion with extensive recycling of both MeHg and Hg++ complexed with glutathione. 
Inorganic Hg is poorly absorbed across the intestinal wall, but MeHg is readily reabsorbed such that a
secretion-resorption cycle is established.  The intestinal microflora convert MeHg to inorganic Hg.


Whole body half-times determined in human volunteers averaged 70 days with a range of 52-93
days.  Observations of blood half-times is 50 days with a range of 39-70 days.  Lactating women have a
significantly shorter whole body half-time of 42 days compared with 79 days in nonlactating women. 


Selenium is known to bioconcentrate in fish and it is thought that simultaneous ingestion of
selenium may offer a protective effect for the toxicity of MeHg based upon its antioxidant properties. 
Selenium has been observed to correlate with Hg levels in blood (Granjean and Weihe, 1992). 
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   I.A.5 CONFIDENCE IN THE ORAL RfD


Study -- Medium
Data Base -- Medium
RfD -- Medium


The benchmark dose approach allowed use of the entire dose-response assessment and the
calculation of a value that was consistent with the traditional NOAEL/LOAEL approach.  In addition, the
results of laboratory studies with nonhuman primates support the quantitative estimate of the
NOAEL/LOAEL range of the benchmark dose that was indicated by the human studies.  The reported
literature covers detailed studies of human exposures with quantitation of MeHg by analysis of
specimens from affected mother-fetus pairs.  A strength of the Marsh study is the fact that the
quantitative data came directly from the affected population and quantitation is based on biological
specimens obtained from affected individuals.  Unfortunately, a threshold was not easily defined and
extended application of modeling techniques were needed to define the lower end of the dose-response
curve.  This may indicate high variability of response to MeHg in the human mother-fetal pairs or
misclassification in assigning pairs to the cohort.  Recent concerns expressed in the research community
relate to the applicability of a dose-response estimate based on a grain-consuming population when the
actual application is likely to help characterize risk for fish-consuming segments of the population. 
Confidence in the supporting data base is medium.  Confidence in the RfD is medium.


   I.A.6 EPA DOCUMENTATION


Source Document -- U.S. EPA, 1995


This IRIS summary is included in The Mercury Study Report to Congress, which was reviewed
by OHEA and EPA's Mercury Work Group in November 1994.  An interagency review by scientists from
other federal agencies took place in January 1995.  The report was also reviewed by a panel of
non-federal external scientists in January 1995 who met in a public meeting on January 25-26.  All
reviewers comments have been carefully evaluated and considered in the revision and finalization of this
IRIS summary.  A record of these comments is summarized in the IRIS documentation files.


Other EPA Documentation -- U.S. EPA, 1980, 1984, 1987, 1988


Agency Work Group Review -- 12/02/85, 03/25/92, 02/17/94, 08/04/94, 09/08/94, 
09/22/94, 10/13/94, 11/23/94 


Verification Date -- 11/23/94


   I.A.7 EPA CONTACTS (ORAL RfD)


Rita Schoeny / OHEA -- (513)569-7544


Bruce Mintz / OST -- (202)260-9569
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  II. CARCINOGENICITY ASSESSMENT FOR LIFETIME EXPOSURE


Substance Name -- Methylmercury
CASRN -- 22967-92-6
Preparation Date -- 5/24/94


  II.A EVIDENCE FOR CLASSIFICATION AS TO HUMAN CARCINOGENICITY


   II.A.1 WEIGHT-OF-EVIDENCE CLASSIFICATION


Classification -- C; possible human carcinogen


Basis --  Based on inadequate data in humans and limited evidence of carcinogenicity in animals.  Male
ICR and B6C3F1 mice exposed to methylmercuric chloride in the diet had an increased incidence of
renal adenomas, adenocarcinomas and carcinomas.  The tumors were observed at a single site and in a
single species and single sex.  The renal epithelial cell hyperplasia and tumors were observed only in the
presence of profound nephrotoxicity and were suggested to be a consequence of reparative changes in the
cells.  Several nonpositive cancer bioassays were also reported.  Although genotoxicity test data suggest
that methylmercury is capable of producing chromosomal and nuclear damage, there are also nonpositive
genotoxicity data. 


   II.A.2 HUMAN CARCINOGENICITY DATA


Inadequate.  Three studies were identified that examined the relationship between methylmercury
exposure and cancer.  No persuasive evidence of increased carcinogenicity attributable to methylmercury
exposure was observed in any of the studies.  Interpretation of these studies, however, was limited by
poor study design and incomplete descriptions of methodology and/or results. 


Tamashiro et al. (1984) evaluated the causes of death in 334 subjects from the Kumamoto
Prefecture who had been diagnosed with Minamata disease (methylmercury poisoning) and died between
1970 and 1980.  The subjects involved fishermen and their families who had been diagnosed with the
disease; thus, Minamata disease was used as a surrogate for methylmercury exposure.  The controls were
selected from all deaths that had occurred in the same city or town as the cases and were matched on the
basis of sex, age at death (within 3 years) and year of death; two controls were matched to each subject. 
Malignant neoplasms were designated as the underlying cause of death in 14.7% (49/334) of the subjects
and 20.1% (134/668) of the controls.  For 47 subjects in which Minamata disease was listed as the
underlying cause of death, the investigators reanalyzed the mortality data and selected one of the
secondary causes to be the underlying cause of death in order to allow examination of the subjects and
controls under similar conditions and parameters.  The three subjects for which Minamata disease was
listed as the only cause of death were excluded from further analysis.  Using the Mantel-Haenzel method
to estimate odds ratios, no significant differences were observed between the subjects and controls with
respect to the proportion of deaths due to malignant neoplasms among males, females or both sexes
combined.  The estimated odds ratios and 95% confidence intervals were 0.84 (0.49-1.43), 0.58
(0.28-1.21) and 0.75 (0.50-1.11) for males, females and both sexes combined.  Similarly, no increases in
odds ratio were observed among the subjects relative to the controls when malignant neoplasms were
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identified as a secondary cause of death or were listed on death certificates as one of the multiple causes
of death.  These data suggest that cancer incidence was not increased in persons with overt signs of
methylmercury poisoning when compared with persons for whom no diagnosis of methylmercury
poisoning had been made.  Interpretation is limited by potential bias in designating the cause of death
among patients with known Minamata disease and by the uncertainty regarding the extent of
methylmercury exposure and undiagnosed Minamata disease among the controls.  In a subsequent study,
Tamashiro et al. (1986) compared the mortality patterns (between 1970 and 1981) among residents of the
Fukuro and Tsukinoura districts in the Kumamoto Prefecture (inhabited mainly by fishermen and their
families) with that of age-matched residents of Minamata City (also in the Kumamoto Prefecture) who
died between 1972 and 1978.  In this study, high exposure to methylmercury was inferred from residence
in a district believed to have higher intake of local seafood.  By contrast, in the 1984 study described
above, high methylmercury exposure was inferred from a diagnosis of Minamata disease.  A total of 416
deaths were recorded in the Fukuro and Tsukinoura districts in 1970-1981, and 2325 deaths were
recorded in Minamata City in 1972-1978.  No statistically significant increase in the overall cancer
mortality rate was observed; however, an increase in the mortality rate due to liver cancer was observed
(SMR, 207.3; 95% CI, 116.0-341.9).  Analysis of mortality by sex showed a statistically significant
increase in the rate of liver cancer only among males (SMR, 250.5; 95% CI, 133.4-428.4).  Males also
had statistically significant higher mortality due to chronic liver disease 
and cirrhosis.  The authors note that these results should be interpreted with caution because the
population of the Fukuro and Tsukinoura districts had higher alcohol consumption and a higher
prevalence of hepatitis B (a predisposing factor for hepatocellular cancer).  Interpretation of these results
is also limited by an incomplete description of the methodology used to calculate the SMRs; it is unclear
whether the study authors used appropriate methods to compare mortality data collected over disparate
time frames (12 years for exposed and 7 years for controls). 


In a study from Poland, Janicki et al. (1987) reported a statistically significant increase in
mercury content of hair in leukemia patients (0.92 +/-1.44 ppm [sic]; n=47) relative to that in healthy
unrelated patients (0.49 +/-0.41 ppm; n=79).  Similarly, the mercury content in the hair of a subgroup of
leukemia patients (0.69 +/- 0.75; n=19) was significantly greater than that in healthy relatives who had
shared the same residence for at least 3 years preceding the onset of the disease (0.43 +/- 0.24 ppm;
n=52).  When patients with specific types of leukemia were compared with the healthy unrelated subjects
(0.49 +/- 0.41 ppm; n=79), only those with acute leukemia (type not specified; 1.24 +/- 1.93 ppm; n=23)
had a significantly increased hair mercury content.  No significant differences in hair mercury content
were observed in 9 patients with chronic granulocytic leukemia or 15 patients with chronic lymphocytic
leukemia when compared with the unrelated, healthy controls.  The authors inferred that acute leukemia
was associated with increased level of mercury in hair.  This study is of limited use for cancer risk
assessment because of the following: uncertainty regarding the correlation between the chronology of
incorporation of mercury in the hair and onset of the disease; the small population studied; the failure to
describe adequately the characteristics of the leukemia patients or healthy controls (age 
distribution, length of residence in the region, criteria for inclusion in the study); uncertainty regarding
the source of mercury exposure (the authors presumed that exposure was the result of use of
methylmercury-containing fungicides); and the failure to address exposure to other chemicals or adjust
for other leukemia risk factors.  Furthermore, the variability of hair mercury 
content was large, and the mean hair mercury levels were within normal limits for all groups.  Thus, the
statistical significance may have been due to chance. 


The carcinogenic effects of organomercury seed dressing exposure were investigated in a series
of case-control studies for incidence of soft-tissue sarcomas (Eriksson et al., 1981, 1990; Hardell and
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Eriksson, 1988) or malignant lymphomas (Hardell et al., 1981).  These studies were conducted in
Swedish populations exposed to phenoxyacetic acid herbicides or chlorophenols (the exposures of
primary interest in the studies), organomercury seed dressings, or other pesticides.  Exposure frequencies
were derived from questionnaires and/or interviews.  Control groups from the same region of the country
were matched to cases based on vital status.  A total of 402 cases of soft-tissue sarcoma and (among
persons not exposed to phenoxyacetic acid herbicides) 128 cases of malignant lymphoma were reported. 
In each study, the odds ratio for exposure to organomercury in seed dressings and the incidence of
sarcoma or lymphoma was either <1.0 or the range of the 95% confidence interval for the odds ratio
included 1.0; therefore, no association was indicated for organomercury exposure and soft-tissue sarcoma
or malignant lymphoma.  The study subjects were likely to have experienced exposures to the other
pesticides and chemicals. 


   II.A.3 ANIMAL CARCINOGENICITY DATA


Limited.  Three dietary studies in two strains of mice indicate that methylmercury is
carcinogenic.  Interpretation of two of the positive studies was complicated by observation of tumors
only at doses that exceeded the MTD.  A fourth dietary study in mice and four dietary studies in rats
failed to indicate carcinogenicity associated with methylmercury exposure.  Interpretation of four of the
nonpositive studies was limited because of deficiencies in study design or failure to achieve an MTD.


Methylmercuric chloride (>99% pure) was administered in the diet at levels of 0, 0.4, 2 or 10
ppm (0, 0.03, 0.15 and 0.73 (mg/kg)/day in males and 0, 0.02, 0.11 and 0.6 (mg/kg)/day in females) to 60
ICR mice/sex/group for 104 weeks (Hirano et al., 1986).  Interim sacrifices (6/sex/group) were conducted
at 26, 52 and 78 weeks.  Complete histopathological examinations were performed on all animals found
dead, killed in extremis or killed by design.  Mortality, group mean body weights and food consumption
were comparable to controls.  The first renal tumor was observed at 58 weeks in a high-dose male, and
the incidence of renal epithelial tumors (adenomas or adenocarcinomas) was significantly increased in
high-dose males (1/32, 0/25, 0/29 and 13/26 in the control, low-, mid- and high-dose groups,
respectively).  Ten of the 13 tumors in high-dose males were adenocarcinomas.  These tumors were
described as solid type or cystic papillary types of adenocarcinomas.  No invading proliferation into the
surrounding tissues was observed.  The incidence of renal epithelial adenomas was not significantly
increased in males, and no renal adenomas or adenocarcinomas were observed in any females studied. 
Focal hyperplasia of the tubular epithelium was reported to be increased in high-dose males (13/59; other
incidences not reported).  Increases in non-neoplastic lesions in high-dose animals provided evidence that
an MTD was exceeded.  Non-neoplastic lesions reported as increased in treated males included the
following:  epithelial degeneration of the renal proximal tubules; cystic kidney; urinary cast and pelvic
dilatation; and decreased spermatogenesis.  Epithelial degeneration of the renal proximal tubules and
degeneration or fibrosis of the sciatic nerve was reported in high-dose females.


Methylmercuric chloride (>99% pure) was administered in the diet at levels of 0, 0.4, 2 or 10
ppm (0, 0.3, 0.14 and 0.69 (mg/kg)/day in males and 0, 0.03, 0.13 and 0.60 (mg/kg)/day in females) to 60
B6C3F1 mice/sex/group for 104 weeks (Mitsumori et al., 1990).  In high-dose males, a marked increase
in mortality was observed after week 60 (data presented graphically; statistical analyses not performed by
authors).  Survival at study termination was approximately 50, 60, 60 and 20% in control, low-, mid- and
high-dose males, respectively, and 58, 68, 60 and 60% in control, low-, mid- and high-dose females,
respectively.  The cause of the high mortality was not reported.  At study termination, the mean body
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weight in high-dose males was approximately 67% of controls and in high-dose females was
approximately 90% of controls (data presented graphically; statistical analyses not performed by study
authors).  The incidence of focal hyperplasia of the renal tubules was significantly increased in high-dose
males (14/60; the incidence was 0/60 in all other groups).  The incidence of renal epithelial carcinomas
(classified as solid or cystic papillary type) was also significantly increased in high-dose males (13/60;
the incidence was 0/60 in all other groups).  The incidence of renal adenomas (classified as solid or
tubular type) was also significantly increased in high-dose males; the incidence was 0/60, 0/60, 1/60 and
5/60 in control, low-, mid- and high-dose males, respectively, and 0/60, 0/60, 0/60 and 1/60 in control
low-, mid- and high-dose females, respectively.  No metastases were seen in the animals.  The incidences
of a variety of non-neoplastic lesions were increased in the high-dose mice including the following: 
sensory neuropathy; neuronal necrosis in the cerebrum; neuronal degeneration in the cerebellum; and
chronic nephropathy of the kidney.  Males exhibited tubular atrophy of the testis (1/60, 5/60, 2/60 and
54/60 in control, low-, mid- and high-dose, respectively) and ulceration of the glandular stomach (1/60,
1/60, 0/60 and 7/60 in control, low-, mid- and high-dose males, respectively).  An MTD was achieved in
mid-dose males and high-dose females.  High mortality in high-dose males indicated that the MTD was
exceeded in this group. 


Mitsumori et al. (1981) administered 0, 15 or 30 ppm of methylmercuric chloride (>99% pure) in
the diet (0, 1.6 and 3.1 (mg/kg)/day) to 60 ICR mice/sex/group for 78 weeks.  Interim sacrifices of up to
6/sex/group were conducted at weeks 26 and 52.  Kidneys were microscopically examined from all
animals that died or became moribund after week 53 or were killed at study termination.  Lungs from
mice with renal masses and renal lymph nodes showing gross abnormalities were also examined. 
Survival was decreased in a dose-related manner; at week 78 survival was 40, 10 and 0% in control, low-
and high-dose males, respectively, and 55, 30 and 0%, in control, low- and high-dose females,
respectively (statistical analyses not performed).  The majority of high-dose mice (85% males and 98%
females) died by week 26 of the study.  Examination of the kidneys of mice that died or were sacrificed
after 53 weeks showed a significant increase in renal tumors in low-dose males (13/16 versus 1/37 in
controls).  The incidence of renal epithelial adenocarcinomas in control and low-dose males was 0/37 and
11/16, respectively.  The incidence of renal epithelial adenomas in control and low-dose males was 1/37
and 5/16, respectively.  No renal tumors were observed in females in any group.  No metastases to the
lung or renal lymph nodes were observed.  Evidence of neurotoxicity and renal pathology were observed
in the treated mice at both dose levels.  The high mortality in both groups of treated males and in
high-dose females indicated that the MTD was exceeded in these groups.  (Note:  Hirano et al. (1986)
was a followup to this study.)


Mitsumori et al. (1983, 1984) administered diets containing 0, 0.4, 2 or 10 ppm of
methylmercuric chloride (0, 0.011, 0.05 and 0.28 (mg/kg)/day in males; 0, 0.014, 0.064 and 0.34
(mg/kg)/day in females) to 56/sex/group Sprague-Dawley rats for up to 130 weeks.  Interim sacrifices of
10/group (either sex) were conducted at weeks 13 and 26 and of 6/group (either sex) at weeks 52 and 78. 
Mortality was increased in high-dose males and females.  At week 104, survival was approximately 55,
45, 75 and 10% in control, low-, mid-and high-dose males, respectively, and 70, 75, 75 and 30% in
control, low-, mid- and high-dose females, respectively (data presented graphically).  All males in the
high-dose group had died by week 119.  Body weight gain was significantly decreased in high-dose
males starting after week 44 and females 
after 44 weeks (approximately 10-20%, data presented graphically).  No increase in tumor incidence was
observed in either males or females.  Noncarcinogenic lesions that were significantly increased in
high-dose rats included the following:  degeneration in peripheral nerves and the spinal cord (both
sexes); degeneration of the proximal tubular epithelium (both sexes); severe chronic nephropathy
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(females); parathyroid hyperplasia (both sexes); polyarteritis nodosa and calcification of arterial wall
(females); fibrosis of bone (females); bile duct hyperplasia (males); and hemosiderosis and
extramedullary hematopoiesis in the spleen (males).  Mid-dose males exhibited significantly increased
degeneration of the proximal tubular epithelium and hyperplasia of the parathyroid.  An MTD was
achieved in mid-dose males and exceeded in high-dose males and high-dose females.


No tumor data were reported in a study using Wistar rats (Munro et al., 1980).  Groups of 50
Wistar rats/sex/dose were fed diets containing methylmercury; doses of 2, 10, 50 and 250 (ug/kg)/day
were fed for 26 months. High-dose female rats exhibited reduced body weight gains and showed minimal
clinical signs of neurotoxicity; however, high-dose male rats showed overt clinical signs of neurotoxicity,
decreased hemoglobin and hematocrit values, reduced weight gains and significantly increased mortality. 
Histopathologic examination of the high-dose rats of both sexes revealed demyelination of dorsal nerve
roots and peripheral nerves.  Males showed severe dose-related kidney damage, and females had minimal
renal damage.


No increase in tumor incidence or decrease in tumor latency was observed in another study using
rats of an unspecified strain (Verschuuren et al., 1976).  Groups of 25 female and 25 male rats were
administered methylmercuric chloride at dietary levels of 0, 0.1, 0.5 and 2.5 ppm (0, 0.004, 0.02 and 0.1
(mg/kg)/day) for 2 years.  No significant effects were observed on growth or food intake except for a 6%
decrease (statistically significant) in body weight gain at 60 weeks in high-dose females.  Survival was
72, 68, 48 and 48% in control, low-, mid- and high-dose males, respectively, and 76, 60, 64 and 56% in
control, low-, mid- and high-dose females, respectively (statistical significance not reported).  Increases
in relative kidney weights were observed in both males and females at the highest dose.  No effects on
the nature or incidence of pathological lesions were observed, and tumors were reported to have been
observed with comparable incidence and latency among all of the groups.  This study was limited by the
small sample size. 


No increase in tumor incidence was observed in a study using white Swiss mice (Schroeder and
Mitchener, 1975).  Groups of mice (54/sex/group) were exposed until death to methylmercuric acetate in
the drinking water at two doses.  The low-dose group received 1 ppm methylmercuric acetate (0.19
(mg/kg)/day).  The high-dose group received 5 ppm methylmercuric acetate (0.95 (mg/kg)/day) for the
first 70 days and then 1 ppm thereafter, due to high mortality (21/54 males and 23/54 females died prior
to the dose reduction).  Survival among the remaining mice was not significantly different from controls. 
Significant reductions in body weight were reported in high-dose males (9-15% lower than controls) and
high-dose females (15-22% lower than controls) between 2 and 6 months of age.  After dying, mice were
weighed and dissected; gross tumors were counted, and limited histopathologic sections were made of
heart, lung, liver, kidney and spleen for microscopic examination.  This study is limited because
complete histological examinations were not performed.


No increase in tumor incidence was observed in a multiple-generation reproduction study using
Sprague-Dawley rats (Newberne et al., 1972).  Groups of rats (30/sex) were given semisynthetic diets
supplemented with either casein or a fish protein concentrate to yield dietary levels of 0.2 ppm
methylmercury (0.008 (mg/kg)/day).  Another group of controls received untreated rat chow.  Rats that
received diets containing methylmercury during the 2-year study had body weights and hematology
comparable to controls.  Detailed histopathological analyses revealed no lesions of the brain, liver, or
kidney that were attributable to methylmercury exposure.  Mortality data were not presented. 
Interpretation of these data is limited by the somewhat small group sizes and failure to achieve an MTD.
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   II.A.4 SUPPORTING DATA FOR CARCINOGENICITY


Blakley (1984) administered methylmercuric chloride to female Swiss mice (number/group not
specified) in drinking water at concentrations of 0, 0.2, 0.5 or 2.0 mg/L for 15 weeks (approximately 0,
0.03, 0.07 and 0.27 (mg Hg/kg)/day).  At the end of week 3, a single dose of 1.5 mg/kg of urethane was
administered intraperitoneally to 16-20 mice/group.  No effects on weight gain or food consumption were
observed.  Lung tumor incidence in mice not administered urethane (number/group not specified) was
less than one tumor/mouse in all groups.  Statistically significant trends for increases in the number and
size of lung adenomas/mouse with increasing methylmercury dose were observed; the number of
tumors/mouse was 21.5, 19.4, 19.4 and 33.1 in control, low-, mid- and high-dose mice, respectively, and
the tumor size/mouse was 0.70, 0.73, 0.76 and 0.76 mm in control, low-, mid- and high-dose mice,
respectively.  The study authors suggest that the increase in tumor number and size may have been
related to the immunosuppressive activity of methylmercury. It should be noted that this study is
considered a short-term bioassay, and pulmonary adenomas were the only tumor type evaluated.


Humans ingesting methylmercury-contaminated foods have been reported to experience
chromosomal aberrations (Skerfving et al., 1970, 1974) or SCE (Wulf et al., 1986); however,
interpretation of these studies is limited by methodological deficiencies.


As reviewed in WHO (1990), methylmercury is not a potent mutagen but appears to be capable
of causing chromosome damage and nuclear perturbations in a variety of systems.  In Bacillus subtilis,
methylmercury produced DNA damage (Kanematsu et al., 1980).  Methylmercury produced
chromosomal aberrations and aneuploidy in human peripheral lymphocytes (Betti et al., 1992), SCE in
human lymphocytes (Morimoto et al., 1982), and DNA damage in human nerve and lung cells as well as
Chinese hamster V-79 cells and rat glioblastoma cells (Costa et al., 1991). 


Bone marrow cells of cats treated with methylmercury in a study by Charbonneau et al. (1976)
were examined by Miller et al. (1979).  The methylmercury treatment resulted in an increased number of
nuclear abnormalities and an inhibition of DNA repair capacity.  Methylmercury induced a weak
mutagenic response in Chinese hamster V-79 cells (Fiskesjo, 1979).  Methylmercury also induced
histone protein perturbations and influenced factors regulating nucleolus-organizing activity (WHO,
1990).  Moreover, methylmercury has been reported to interfere with gene expression in cultures of
glioma cells (WHO, 1990).  Mailhes (1983) reported a significant increase in the number of hyperploid
oocysts in Lak:LVG Syrian hamsters fed methylmercury; however, no evidence of chromosomal damage
was reported.  Suter (1975) concluded that strain-specific differences exist with respect to the ability of
methylmercury to produce dominant lethal effects in mice.  Nondisjunction and sex-linked recessive
lethal mutations were observed in Drosophila melanogaster treated with methylmercury (Ramel, 1972 as
cited in U.S. EPA, 1985).  Methylmercury produced single strand breaks in DNA in cultured L5178Y
cells (Nakazawa et al., 1975). 


Negative studies have also been reported.  Methylmercury acetate was reported to be negative in
a Salmonella typhimurium assay and a mouse micronucleus assay (Heddle and Bruce, 1977, as reported
in Jenssen and Ramel, 1980).  Methylmercury was not mutagenic and did not cause recombination in
Saccharomyces cerevisiae but did slightly increase chromosomal nondisjunction (Nakai and Machida,
1973).  Matsumoto and Spindle (1982) reported no significant increase in SCE in developing mouse
embryos; they did report, however, that the developing mouse embryos were highly sensitive to in vitro
treatment with methylmercury. 
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  II.B QUANTITATIVE ESTIMATE OF CARCINOGENIC RISK FROM ORAL EXPOSURE


None.  The two studies by Mitsumori et al. (1981, 1990) were limited by high mortality in the
high-dose males, the only group to exhibit a statistically significant increase in tumor incidence.  Tumors
were observed only in those dose groups in which the MTD had been exceeded.  The study by Hirano et
al. (1986) was not limited by low survival, but the tumors were observed in conjunction with
nephrotoxicity and, thus, their incidence may have been a high-dose phenomenon that would not be
expected to occur at low doses.  The tumors appeared to originate from focal hyperplasia of the tubular
epithelium induced as a reparative change.  The hyperplasia was not observed in tubular epithelium that
was undergoing early degenerative changes.  Thus, the tumors may not occur where degenerative
changes do not occur.  The genotoxicity data indicate that methylmercury is not a potent mutagen but
may produce chromosomal damage; these data do not support a hypothesis that methylmercury is a
genotoxic carcinogen.  It appears, rather, that methylmercury exerts its carcinogenic effect only at high
dose, at or above an MTD.  Because the linearized multistage procedure is based on the assumption of
linearity at low doses, the relevance of deriving a slope factor based on data for which a threshold may
exist is questionable.


It is likely that systemic non-cancer effects would be seen at methylmercury exposures lower
than those required for tumor formation.  Long-term administration of methylmercury to experimental
animals produces overt symptoms of neurotoxicity at daily doses an order of magnitude lower than those
required to induce tumors in mice.


  II.C QUANTITATIVE ESTIMATE OF CARCINOGENIC RISK FROM INHALATION
EXPOSURE


None.


  II.D EPA DOCUMENTATION, REVIEW, AND CONTACTS (CARCINOGENICITY
ASSESSMENT)


   II.D.1 EPA DOCUMENTATION


Source Documents -- U.S. EPA, 1995


This IRIS summary is included in The Mercury Study Report to Congress which was reviewed
by OHEA and EPA's Mercury Work Group in November 1994.  An interagency review by scientists from
other federal agencies took place in January 1995.  The report was also reviewed by a panel of
non-federal external scientists in January 1995 who met in a public meeting on January 25-26.  All
reviewers comments have been carefully evaluated and considered in the revision and finalization of this
IRIS summary.  A record of these comments is summarized in the IRIS documentation files. 
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   II.D.2 REVIEW (CARCINOGENICITY ASSESSMENT)


Agency Work Group Review -- 03/03/94


Verification Date -- 03/03/94


   II.D.3 U.S. EPA CONTACTS (CARCINOGENICITY ASSESSMENT)


Rita Schoeny / OHEA -- (513)569-7544
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D.1 Introduction and Background


The purpose of the analysis in this appendix is two-fold:  first, to determine plausible bounds on
uncertainty associated with the data and dose conversions used to derive the methylmercury Reference
Dose (RfD); second, to compare the RfD to estimated distributions of human population thresholds for
adverse effects.  The analysis presented in this appendix is a modeled estimate of the human threshold for
specific health effects attributable to methylmercury exposure.  The basis for the analysis and the RfD is
the data from the 1971 Iraqi methylmercury poisoning incident, specifically the data from the Marsh et
al. (1987) study.  The analysis also includes studies pertinent to the conversion of mercury
concentrations in hair to estimated ingestion levels.  The population studied in Marsh et al. (1987) is
hereafter referred to as the Iraqi cohort.  The methylmercury RfD was based on a benchmark dose
calculated from the combined developmental effects of  late walking, late talking, mental effects, seizures
and neurological effects (scores greater than 3 on a test) in children of women exposed during pregnancy;
benchmark doses for the individual developmental effects and for adult paresthesia were also calculated. 
All the  benchmark doses for developmental endpoints were calculated from the Iraqi cohort data.  The
adult paresthesia benchmark dose was calculated from data presented in Bakir et al. (1973).  The studies
and their use in the calculation of the RfD for methylmercury are described in detail in chapters 3 and 6
of Volume IV of this Report.  


The approach used in this analysis and the EPA's RfD methodology presuppose the existence of
thresholds for certain health effects.  The RfD is defined by the U.S. EPA (U.S. EPA, 1995) as 


an estimate (with uncertainty spanning perhaps an order of magnitude) of a daily
exposure to the human population (including sensitive subgroups) that is likely to be
without an appreciable risk of deleterious effects during a lifetime. 


 
This definition implies that the RfD is an exposure level that is below the threshold for adverse effects in
a sensitive subpopulation.  For purposes of this analysis, the human population threshold is defined as the
threshold for the most sensitive individual of an identified sensitive subpopulation.  The definition of
sensitive subpopulations excludes hypersensitive individuals whose susceptibilities fall far outside the
normal range.  A threshold is defined as the level of exposure to an agent or substance below which a
specific effect is not expected to occur.  The definition of threshold does not include concurrent exposure
to other agents eliciting the same effect by the same mechanism of action.  In other words, there is an
assumption that the induced response is entirely a result of exposure to a single agent.  The adverse
health endpoints for the methylmercury RfD as determined by the RfD/RfC Workgroup are the specific
clinically-observed endpoints reported in Marsh et al. (1987).  The uncertainty analysis was confined to
those endpoints.  The 81 pregnant female/offspring pairs comprising the Iraqi cohort were taken as a
surrogate for the most sensitive subpopulation expected in the general U.S. fish consuming population. 
The sensitive subpopulation was specifically identified as humans exposed to methylmercury in utero.


Other analyses of the Iraqi cohort data are available in the literature but are not directly
applicable to the estimation of threshold distributions.  An analysis presented in the Seafood Safety
report (NAS, 1991) groups the Iraqi cohort observations by ranges of measured mercury concentrations
in hair in order to estimate the cumulative response distribution.  The response data grouped by hair
mercury concentrations groupings were used to calculate the benchmark dose levels on which the
methylmercury RfD was based.  As any grouping of data introduces an additional level of uncertainty,
this threshold analysis was based on the ungrouped observations.  
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Cox et al. (1989)  presented estimates of thresholds based on the ungrouped observations of the
Iraqi cohort for two of the five developmental endpoints considered by the U.S. EPA in the derivation of
the methylmercury RfD.  Cox et al. (1989) used a threshold model that included the threshold as a
parameter.  The value of the threshold parameter was estimated by a statistical method that optimized the
likelihood at different values of the threshold.  The estimated threshold for late walking in offspring (first
walking after 18 months) was 7.3 ppm mercury in hair with an upper 95% confidence limit of 14 ppm. 
This threshold value was based on the best (optimized likelihood) estimate for background incidence of
late walking of 0%.  The upper 95% confidence limit was highly sensitive to the value of the background
parameter, increasing to 190 ppm mercury in hair for a background of 4%.  The optimized likelihood
threshold for neurological effects (neurological scores > 3) based on a background incidence of 9% was
10 ppm mercury in hair with an upper 95% confidence limit of 287 ppm. 
     


The analysis examined the major sources of uncertainty explicitly and implicitly inherent to the
methylmercury RfD and attempted to bound them quantitatively.  There are a number of sources of
uncertainty in the estimation of either a human threshold or an RfD from the Iraqi cohort data and from
the dose conversion used to estimate ingestion dose levels from hair mercury concentrations.  The
principal uncertainties arise from the following sources:  the variability of susceptibilities within the Iraqi
cohort; population variability in the pharmacokinetic processes reflected in the dose conversion; response
classification error; and exposure classification error.  


The data show a very broad range of susceptibilities in the 81 individuals of the Iraqi cohort.  An
analysis of the response rates based on hair mercury concentrations showed up to a 10,000-fold span
between the 5  and 95  percentiles when projected to the general population (Hattis and Silver, 1994). th th


Uncertainty in threshold estimates arising from the variability in individual susceptibilities was estimated
by calculating a distribution of thresholds from a regression model for repeated bootstrap samples of the
original Iraqi cohort data set.  The bootstrap procedure and regression model are described in section
D.2.1.  The bootstrap procedure results in a distribution of population thresholds for specific effects in
units of ppm mercury in hair.  


The methylmercury RfD used a dose conversion formula (section 6.3.1.1 of Volume IV of this
report) to estimate the ingestion dose in mg methylmercury per kg body weight per day (mg/kg-day) that
would result in a specified mercury concentration in hair.  This formula comprises a number of variables
that are associated with biological processes.  There are measured ranges for each variable which can be
attributed to interindividual variability in pharmacokinetics and to experimental variation.  


The response classification is the assignment of an individual observation to one of two 
categories -- responder or nonresponder.  The response classification for each of the developmental
endpoints reported in Marsh et al. (1987) is based on a fixed value (response decision point) that
constitutes a response when exceeded.  It is possible that some observations, particularly those that
represent responses in the immediate vicinity of the response decision point, were misclassified;  a
responder may have been classified as a nonresponder or vice versa.  The response classifications for late
walking and late talking are particularly susceptible to this type of error.  The response estimates were
based on subject recall in members of a population that does not traditionally record these events.  The
classification of neurological test battery scores is more objective but still susceptible to some degree of
investigator interpretation and misclassification.


Exposure classification error is the inclusion of individuals in the exposure group who had been
exposed outside a critical period.  This type of error is a source of uncertainty for all developmental
endpoints that have a critical period of exposure combined with uncertainty about the actual timing of the
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gestational period.  The result of this type of error is the misclassification of an unexposed individual as
an exposed individual.  The consequence of this misclassification is an overestimation of the exposure
level associated with a given response or nonresponse and subsequent overestimation of population
variability.  For example, in the Iraqi cohort it is noted that an individual with the highest estimated
mercury exposure is a non-responder for developmental effects on the nervous system.  This may be due
to differences in individual susceptibility to methyl mercury toxicity, or it may be a consequence of
misclassification; the individual may have been exposed during a period of time which is not critical to
development.  There is potential for misclassification as the determination of the correspondence of 
gestational period and exposure was dependent on subject recall.  Data pertaining to this type of
uncertainty are not yet available.


Other areas of uncertainty are those directly related to the RfD methodology.  Specifically, it was
concluded by an Agency Work Group that there were no adequate chronic or reproductive studies.  An
uncertainty factor of 10 is generally applied when chronic studies are not available.  This uncertainty
factor is based on an assumption inherent to the RfD methodology that increased exposure duration will
lower the dose required for observation of the effect.  Support for this assumption has been published
(Weil and McCollister, 1963; Dourson and Stara, 1989) and is discussed in section D.2.2.2 of this
Appendix.  An uncertainty factor of 3 is generally applied if reproductive studies are not available.  No-
Observed-Adverse-Effect Levels (NOAELs) for reproductive studies are generally 2-fold to 3-fold higher
than NOAELs for chronic studies and are not expected to be the basis for the RfD more than 5% of the
time  (Dourson, Knauf and Swartout, 1992).


D.2 Methods


Thresholds were estimated in a two-stage process.  The first stage was the estimation of
threshold distributions based on hair mercury concentrations,  which was accomplished by applying a
regression model to successive bootstrap samples of the observations in Marsh et al. (1987).  This
process is detailed in section D.2.1.  The second stage was the conversion of the thresholds expressed as
ppm mercury in hair to mg methylmercury per kg body weight per day (mg/kg-day); this involved a
Monte Carlo analysis of the variability of the underlying biological processes.  The dose-conversion
model is described in section D.2.2.


For the uncertainty analysis thresholds for four of the six endpoints evaluated for the
methylmercury RfD and for combined developmental effects were estimated.  The developmental effects
included in the threshold analysis were late walking, late talking and neurological effects.  Thresholds for
seizures and mental symptoms were not estimated because these effects occurred at 5-fold higher hair-
mercury concentrations than did the other effects.  As the resulting thresholds would be much higher than
the others they would not be expected to contribute significantly to the combined developmental effects
threshold distribution as defined for this analysis (the lowest of the individual effect thresholds for each
bootstrap sample).  Response rates for seizures and mental symptoms would be expected to  influence the
benchmark dose, however, as the benchmark dose is a function of all responses.  The data used to
estimate thresholds for adult paresthesia were not the same as those used to calculate the benchmark dose
in the derivation of the methylmercury RfD.  The benchmark dose was calculated from the data presented
in Bakir et al. (1973).  The threshold estimates were calculated from the Iraqi cohort data so that all
thresholds would be estimated from the same group of individuals to enable a direct comparison. The
Iraqi cohort data are summarized in Table D-1.  A plus (+) in Table D-1 indicates a positive response.  A
positive response for neurological effects was a neurological score greater than 3 as defined in Marsh et
al. (1987).  Positive responses for late walking and late talking were 18 months and 24 months (after
birth), respectively (Marsh et al., 1987).
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Table D-1
Incidence of Developmental and Adult Effects as reported in Marsh, et al., 1987


max ppm neuro test late late adult max ppm neuro test late late adult
mercury in scores > 3 walking talking pares- mercury in scores > 3 walking talking pares-


hair thesia hair thesia


a b


1 23 +
1 26
1 38 + +
1 45 +
1 48
1 + 52
1 + 59 + +
1 + 60 + +
1 62
1 72
1 74 + +
1 75 +
1 78 + + +
1 + 86 + +
1 98
1 + 104 +
2 114 +
2 118
2 154 + + +
2 196
2 202
2 242
2 263 +
2 269
2 294 + + +
3 336 + + +
3 339 + + + +
5 357 + + +
6 362 + +
6 376 + + +
7 399
8 404 + + +
9 405 + + +


10 418 + + +
10 443 + + +
12 468 +
12 557 + +
14 + + 568 + + +
16 + 598 + +
18 + + 674 + + +
19


  defined as first walking after 18 monthsa


  defined as first talking after 24 monthsb


All threshold calculations and Monte Carlo simulations were performed in S-PLUS  (ver 3.2) for®


Microsoft  Windows  (ver 3.1) on several microprocessors based on the Intel  486DX2/66® ® ®


microprocessors.  Sensitivity analyses were performed in Crystal Ball  (ver 3.0) and Excel   (ver 4.0) for® ®


Windows .   ®
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D.2.1 Estimation of Thresholds Based on ppm Mercury in Hair


Hair mercury concentrations at the thresholds for adult paresthesia, three developmental
endpoints and combined developmental effects were estimated from the Iraqi cohort data.  Threshold
estimation was accomplished by applying a regression model to successive bootstrap samples of the 81
observations.  The bootstrap method (Efron and Tibshirani, 1991; 1993) is a nonparametric approach that
can be used for estimation of confidence intervals on a given variable without assuming a specific
parametric distribution for that variable.  The bootstrap method is based on the assumption that the
observed sample is a random sample of a larger population and provides an estimate of sample-size
uncertainty.  The bootstrap process consists of taking a random sample of the same size as the observed
sample distribution from the original sample distribution.  The sampling is conducted with replacement
of selected observations prior to the next random selection such that individual observations may appear
more than once in any given sample.    In this case, the bootstrap approach was applied in order to allow
estimation of confidence intervals on the dose associated with a given response.    For this analysis, 5000
bootstrap samples were generated.  Thresholds, in units of ppm mercury in hair, for each endpoint were
calculated for each bootstrap sample.  The output was a distribution of 5000 thresholds for each endpoint
representing the variability in the population threshold as estimated from the Iraqi cohort data.  The
threshold distribution for combined effects was defined as the minimum of the single-effect threshold
hair-mercury concentrations calculated at each bootstrap iteration; this definition is based on the
assumption that the endpoints were independent.  The stability of the bootstrap was evaluated by
determining the change in the 5  and 95  percentiles, and their ratio, for each doubling of the number ofth th


iterations.  The bootstrap was considered to be stable if successive estimates were within 5% of each
other.


The threshold model used in this analysis treated background incidence and  response related to
exposure (induced response) independently.  The procedure is illustrated in Figure D-1, which shows the
Marsh et al., 1987 data and regression lines for developmental neurological effects (neurological score >
3).   Figure D-1 is an example of a threshold determination from a single iteration of the bootstrap
procedure.  All of the response data were binary; that is, individuals were either responders or
nonresponders for a given effect.  The binary responses associated with each hair mercury concentration
are indicated by a "+" at the top and bottom of the chart for responders and nonresponders, respectively. 
The mean background and fitted regression lines for induced response are shown.  The threshold was
defined in the regression model as the concentration of mercury in hair corresponding to the fitted
response equal to the background incidence.  This is equivalent to the point of intersection of the
background and induced response line indicated as point A in Figure D-1.  This model was chosen so that
the threshold estimate was a consequence of, rather than a contribution to, the estimation of background
and induced response.  Other threshold models that could have been used, such as the one used by Cox et
al. (1989), include the threshold as a parameter to be simultaneously estimated with all other model
parameters.  Also the maximum likelihood approach for parameter estimation was not used because of
the apparent extreme sensitivity of the upper 95% confidence limit on the threshold to variation in the
background estimate (Cox et al., 1989).  







++++++


+


++++++


+


+


+


+++++++++ ++ + ++ + + +++ ++ +


+


++ + +


+ +


++ +


+


+ +++


++


+


+


++ + ++ +


+


++ +


+


+


+


++


+++++


+


++


+


ppm mercury in hair


p


1 5 10 50 100 500


0.
0


0.
2


0.
4


0.
6


0.
8


1.
0


observations
background incidence
background = 0
log-linear fit
log-probit fit


+ + + +


B
A


D-6


lognormal (GM = 250, GSD = 1.35)
pd = probability density


Figure D-1
Regression Model for Determination of Bootstrap Thresholds


In the regression model, response was regressed on the logarithm of dose using the probit
function (log-probit model).  In those cases where the log-probit model-predicted responses were always
greater than background, a log-linear regression model was used to determine the threshold (point B in
Figure D-1).  The log-probit and log-linear fitted regression lines are shown for one bootstrap sample in
Figure D-1. 


Hair mercury concentrations of 1 ppm were assumed to represent background exposure levels
(Katz and Katz, 1992).   All other observations, the first of which was at 14 ppm for any effect, were
included in the estimation of background and induced response rate as follows.   Background incidence
for each effect was estimated directly from each bootstrap sample by performing repeated regressions of
response on hair mercury concentrations, starting with the assumed background range and successively
adding data points at the next higher hair mercury concentration until the regression slope was near zero
and was least statistically significant.  Background incidence was defined as the mean of the fitted values
of the resulting regression.  The induced response regression slope was calculated in a similar fashion,
starting with all observations above concentrations of 12 ppm hair-mercury and successively adding data
points at the next lower hair mercury concentration until the regression slope was maximized and
statistically significant (p < 0.05).  
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D.2.2 Estimation of Ingestion Dose Levels in mg/kg-day


D.2.2.1   Estimation of Dose Conversion Uncertainty


     The uncertainty arising from the calculation of ingestion dose levels, in  mg/kg-day, corresponding to
measured concentrations of mercury in hair was estimated through analysis of the dose conversion
formula.  The formula, which estimates ingested dose levels corresponding to the measured
methylmercury concentration in hair, incorporates the formula used in the derivation of the RfD with the
inclusion of an additional term to account for the hair to blood concentration ratio for methylmercury and
the conversion of elimination constants to their equivalent half-lives.  The latter was done as a matter of
convenience as most of the studies reported half-lives rather than elimination constants. The formula
used in the derivation of the RfD is described in Chapter 6 (section 6.3.1.1) of Volume IV of this report
and is reproduced here as equation 1.


(1)


where


d is the daily dietary intake in mg/kg-day,
C is the concentration of methylmercury in the blood in µg/liter,
b is the elimination constant (of methylmercury from the blood) in days ,-1


V is the volume of blood in the body in liters,
A is the fraction of mercury in the diet that is absorbed,
f is the fraction of absorbed mercury that is found in the blood.
bw is body weight in kg.


Variable C in formula 1 can be related to the concentration of mercury in hair by the formula given in
equation 2.


(2)


where


Hg is the concentration of mercury in hair in ppm (µg mercury/g hair),h


hb is the hair to blood concentration ratio for methylmercury in µg mercury/g hair/(µg mercury/ml
blood).


Variable b in formula 1, which is a first-order elimination rate constant, and the clearance half-life
arerelated by the formula
given in equation 3.







d ��


loge 2 x Hgh x V


hb x t½ x f x A x bw


DCF ��


loge 2 x V


hb x t½ x f x A x bw


DCFeda ��
DCF
UD
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(3)


where


b is the elimination constant,
log  2 is the natural logarithm of 2 (= 0.693),e


t is the half-life of methylmercury in the blood.½


Substituting for C and b in equation 1 from equations 2 and 3, respectively, gives the formula for
ingestion levels based on mercury concentrations in hair (equation 4).


(4)


Dividing both sides of equation 4 by Hg  gives the dose conversion factor, which when multiplied byh


a hair mercury concentration gives the corresponding ingestion level in mg/kg-day (equation 5).


(5)


where


DCF is the dose conversion factor in ppm mercury in hair/(mg/kg-day).


Lower levels of exposure to methylmercury were expected to be associated with the observation of
effects in adults for exposure durations longer than those observed for the Iraqi cohort (U.S. EPA, 1995;
Barnes and Dourson, 1988).  The potential effect of exposure duration on the dose eliciting chronic
effects is given in equation 6.


(6)


where


DCF is the exposure-duration adjusted dose conversion factor in ppm mercury ineda


hair/(mg/kg-day),
DCF is the dose conversion factor (from equation 5),


 U  is a unitless adjustment for uncertainty arising from limited exposure duration.D


Monte Carlo simulations were conducted for equations 5 and 6.  The output of these simulations
were used to calculate a family of ingestion threshold distributions (in mg/kg-day) for each endpoint. 
This was done by multiplying the bootstrap threshold distribution for a given endpoint by specific
percentiles of the appropriate dose conversion distribution. Each member of a family of distributions was
associated with a specific probability dependent on the relative likelihood of the DCF.
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D.2.2.2  Input Variable Distributions  


Distributions were assigned to each variable in equations 5 and 6 based on the data available in
the literature.  The general form of the distribution, whether triangular, normal or lognormal, was
determined by examination of the shape of the distribution of empirical data and by consideration of the
underlying biological and physical processes.  A triangular distribution was used when a judgement was
made that the value of the variable fell within identifiable absolute limits.   Many of the variables reflect
underlying exponential processes and would be distributed as the logarithm of the nominal values.  Such
variables were described as being distributed in log space.  In these cases a lognormal, or log-triangular
distribution was chosen to represent the variable.  


Determination of the distribution parameters focused on identifying the median (50  percentile)th


and extreme percentiles from the available data.  The focus was on the median, rather than the mean, in
order to specify percentiles of the distribution.  In general, the mean value of the Monte Carlo output is
more closely related to the median, rather than the mean, of the inputs.  The extreme percentiles were
those corresponding to the lowest and highest observations and were determined by multiplying the rank
order of the observation by 100/(n + 1), where n is the total number of observations.  For example, the
lowest and highest observations in a sample size of 9 define the 10  and 90  percentiles (80% confidenceth th


interval), respectively.  Calculating the percentiles on the basis of n + 1, rather than n, allowed for the
possibility of obtaining more extreme values in additional samples.  The median and extreme percentiles
were preserved in the final distribution whenever possible by adjusting the distribution parameters
accordingly.  The distribution assigned to each variable is given in Table D-2.


Table D-2
Dose Conversion Monte Carlo Simulation Input Variable Distributions


Variable Form Nominal Parameters a


Value


b


hb c lognormal 250 GM =250,  GSD = 1.5f


t½ log triangular 53 days min = 1.455,  mode = 1.676,  max = 2.085  (log )10


V d triangular 5 liters min = 3.63,  mode = 5.0,  max = 6.37


f e log triangular 0.059 min = -1.41,  mode = -1.30,  max = -0.934  (log )g
10


A triangular 0.95 min = 0.90,  mode = 0.95,  max = 1.0g


bw lognormal 55 kg GM = 55,  GSD = 1.13


  median or geometric median a


  Key: GM - geometric mean, GSD - geometric standard deviation;  min - absolute minimum, mode -b


most likely value, max = absolute maximum
  correlated with t  [correlation coefficient (r) = -0.5]c


½


  correlated with bw (r = -0.47)d


 correlated with bw (r = +0.57)e


 µg Hg/g hair/mg Hg/l bloodf


  unitless ratio g


Hair to Blood Concentration Ratio for methylmercury (hb)
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lognormal (GM = 250, GSD = 1.35)
pd = probability density


This variable represents variation in a population of the ratio of the concentration of
methylmercury in hair to the concentration of methylmercury in blood.  The distribution for this variable
was based on the EPA RfD/RfC Work Group's analysis of the available data, which is presented in
Chapter 6 (section 6.3.1.1) of Volume IV of this report.  The EPA RfD/RfC Work Group has judged that
the most appropriate value for this variable lies between 200 and 300 based on results published by
Phelps et al. (1980), with 250 selected as the point estimate.  The value of 250 was used as the geometric
mean of the distribution for hb.  The data given in Phelps et al. (1980) were not detailed enough to allow
determination of the shape or variance of the distribution.  The lognormal form for the distribution was
chosen as most representative of the empirical data reported in Sherlock et al. (1982).  The geometric
standard deviation (GSD) of 1.5 was estimated in this analysis from the same data (Sherlock et al., 1982). 
The distribution is shown in Figure D-2.


A correlation coefficient (r) of -0.5 was assumed between hb and t  in the Monte Carlo½


simulation of equation 5.  The amount of mercury in the hair should be at least partially dependent on
how quickly methylmercury is eliminated from the blood; that is, the faster that methylmercury is
eliminated from the blood, the greater would be the difference between the concentration of mercury in
the hair and mercury in the blood.  The relationship between t  and hb would be expected to be inverse½


(negative correlation); high values of t  would be associated with low values of hb.  The magnitude of½


the correlation coefficient was judged by the U.S. EPA to be at least as strong as -0.5.  The data available
for the calculation of the correlation between t  and hb are extremely limited.  A correlation coefficient½


between hair:blood concentration and half-life of about -0.3 was calculated in this analysis from data on
four individuals (Kershaw et al., 1980).  


Figure D-2
Probability Density Function for Hair-to-Blood Concentration Ratio (hb)
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Half-Life of Methylmercury in the Blood (t )½


Several human studies reported clearance half-lives for methylmercury from blood in the range
of 32-105 days with averages of 45-70 days (Miettinen et al., 1971; Bakir et al., 1973; Greenwood et al.,
1978; Kershaw et al., 1980; Smith et al., 1994).  An average elimination constant for methylmercury
from the blood of 0.014 with a range of 0.0099 to 0.0165 was reported by Sherlock, et al. (1984)
corresponding to an average half-life of 50 days with a range of 42-70 days.  Table D-3 gives the average
and range of reported half-lives or half-lives calculated from equation 3 for each of the five studies.  The
values in Table D-3 were for male and female adults, combined.  Average half-lives of methylmercury in
the blood, as reported by Greenwood, et al. (1984), were somewhat shorter for lactating women (46 days)
and longer for children (90 days) than for the adult average of 70 days.   A histogram of the combined
data was highly skewed and roughly triangular in shape.  The log-triangular distribution (Figure D-3) was
chosen as best representative of the empirical data.  The median value of this distribution was 53 days;
this was slightly higher than that used in the derivation of the methylmercury RfD (50 days), which
would result in slightly lower dose conversion values.


Table D-3
Half-Life of Methylmercury in the Blood (days)


Reference Low Average High


Smith et al. 1994 31.9 45.3 60


Sherlock et al. 1984 42 49.5 70


Kershaw et al. 1980 46.7 51.9 66.5


Bakir et al. 1973 40 65 105


Greenwood et al. 1978 49 70 95
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log triangular {min = 1.455, mode = 1.676, max = 2.085  (log )}10


pd = probability density


Figure D-3
Probability Density Function for the Half Life of Methylmercury in the Blood (t )½


Volume of Blood in the Body (V)


This variable represents the variation in a population of the total volume of blood in the body. 
The distribution was based on published values of estimated whole blood volumes for a cohort of 20
pregnant Nigerian women (Harrison, 1966).  Whole blood volumes in the third trimester of pregnancy
ranged from 4.0 to 6.0 liters ; the mean and median values were both 5.0 liters (Harrison, 1966).  The
distribution of empirical data was roughly triangular and symmetrical.  The minimum and maximum
values were adjusted so that the range of observed values fell within the 90% confidence interval (n =
20).  The distribution is shown in Figure D-4.


Blood volume was assumed to be positively correlated with body weight;  larger blood
volumes would be associated with higher body weights.  For this analysis a correlation coefficient of
0.57 between V and bw from the data given in Harrison (1966) was calculated.  This correlation
coefficient was assumed for the standard Monte Carlo simulation of equation 5.  
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triangular {min = 3.5 liters, mode = 5.0 liters, max = 6.5 liters}
pd = probability density


Figure D-4
Probability Density for Blood Volume (V)


Fraction of Absorbed methylmercury in the Blood (f)


This variable reflects the distribution and dilution of the absorbed methylmercury in all
compartments of the body.  The distribution on f was based on several human studies showing values in
the range of 5-10% of the absorbed dose of methylmercury in the blood (Miettinen et al., 1971; Kershaw
et al., 1980; Sherlock et al., 1984).  All of the measured values have been adjusted for an assumed total
blood volume of 5 liters.  The studies are summarized in Chapter 6 (section 6.3.1.1) of Volume IV of this
report. The distribution is shown in Figure D-5.  The median value of this distribution of 5.9% was
higher than that used in the derivation of the methylmercury RfD (5%), which would result in lower dose
conversion values.


Sherlock et al. (1984) reported that the fraction of methylmercury in the blood was negatively
correlated with body weight;  smaller fractions of methylmercury in the blood were associated with
larger body weights.  For this analysis the U.S. EPA calculated a correlation of -0.47 between f and bw
from the data given in Sherlock et al. (1984).  This correlation was assumed for the Monte Carlo
simulation of equation 5.  
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log triangular {min = -1.41, mode = -1.30, max = -0.934  (log )}10


pd = probability density


triangular {min = 0.90, mode = 0.95, max = 1.0}
pd = probability density


Figure D-5
Probability Density for Fraction of Absorbed Methylmercury in the Blood (f)


Fraction of methylmercury in the Diet that is Absorbed (A)


This distribution was based on the results of two human studies showing uptake of radio-
labeled methylmercury of 95% and greater (Aberg et al., 1969) and 94% and greater (Miettinen et al.,
1971) and animal studies showing 90% or greater absorption (summarized in Walsh, 1982).  The
distribution reflects the expectation that this value is close to 100 and will not vary much.  The
distribution is shown in Figure D-6.
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lognormal (GM = 55 kg, GSD = 1.13)
pd = probability density


Body Weight (bw)


The distribution for body weight was based on Harrison (1966), previously described for the
definition of V.   The observed body weights during the third trimester of pregnancy ranged from 49.5 kg
to 73.9 kg with a geometric mean of 55 kg (Harrison, 1966).   A lognormal distribution was visually
fitted to the data.  The distribution is shown in Figure D-7.  The median value of this distribution of 55 kg
was lower than that used in the derivation of the methylmercury RfD (60 kg).  Use of the lower value for
bw which would result in higher dose conversion values.  


Figure D-7
Probability Density Distribution for Body Weight (bw)


Uncertainty Arising from Limited Exposure Duration (U )D


This factor is an adjustment for the uncertain effects of exposure duration on the magnitude of
the effective dose.  It is based on the assumption that continuing exposure will result in the appearance of
effects at exposure levels wherein there were no effects observed following shorter exposure durations. 
The U.S. EPA commonly applies an uncertainty factor of 10 when calculating a chronic RfD from a
study of subchronic duration (U.S. EPA, 1995).  In concept, the value of 10 for this uncertainty factor
represents a high estimate of the uncertainty in order to maintain the protective nature of the RfD.  An
empirical analysis of the Weil and McCollister (1963) data by Dourson and Stara (1983) supports the use
of an uncertainty factor of 10 as protective.  About 50% of ratios of subchronic NOAELs to chronic
NOAELS for rats exposed to a variety of substances other than methylmercury (as reported by Weil and
McCollister, 1963) were below 3.5 and 95% were below 10 (Dourson and Stara, 1983).  


The published data were insufficient for the estimation of a distribution for U .   A pointD


estimate of 4.7 was made for U  from a few studies of methylmercury toxicity in nonhuman primates. D


These studies are summarized in Table D-4.  Table D-4 gives NOAELs and Lowest-Observed-Adverse-
Effect Levels (LOAELs) for studies of short-term and long-term duration in monkeys.  The neurologic
endpoints were limited to clinically-observable effects in order to maintain approximate equivalence of
effects across exposure durations.  U  was estimated by dividing the short-term LOAEL of 0.21 mg/kg-D
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day (Sato and Ikuta, 1975) by 0.045, the average of the two long-term exposure LOAELS of 0.04 and
0.05 mg/kg-day (Burbacher et al., 1988; Rice and Gilber, 1992).  


U  was used in equation 6 to adjust the dose conversion factor for the estimation of theD


exposure level associated with chronic effects.  Specifically, the exposure duration adjusted dose
conversion factor (DCF ) from equation 6 was multiplied by the adult paresthesia bootstrap thresholdeda


distribution to obtain an ingestion threshold distribution for chronic neurologic effects.  The precise
nature of the chronic effects was not specified because the effects observed in the monkey studies used to
define U  included a number of different neurologic effects.  In this case the paresthesia observed in theD


Iraqi cohort was used as a surrogate for all possible adult neurologic effects that might occur following
short-term exposure to methylmercury.


Table D-4
Methylmercury Toxicity in Animals


Reference Exposure Effects NOAEL LOAEL
Duration


Sato & Ikuta 1975 36-132 days ataxic gait, myoclonic 0.07 0.21
seizures


Burbacher et al., 3 years slight tremor, motor none 0.04
1988 incoordination,


blindness


Rice & Gilbert, 6.5-7 years decreased fine motor none 0.05
1992 performance, other


D.2.2.3 Correlation of Input Variables


Apart from the assumptions of correlation between individual input variables described
previously (standard correlations),  a simplifying assumption was that the susceptibility of any individual
was independent of the value of the dose-conversion factor.  It is very likely, however, that susceptibility
and t  are correlated.  Longer residence times of methylmercury in the blood, corresponding to longer½


half-lives, should have a direct effect on toxicity.  Thus, there would be some likelihood that the
susceptibility of the individual at the population threshold (the most sensitive individual) would be
related to larger values of t .  Monte Carlo analyses of equation 5 limiting t  to values greater than 53½ ½


days (the median of the t  distribution) or greater than 84 days (the 90  percentile of the t  distribution)½ ½
th


were also conducted.  The latter simulation was included only to determine the sensitivity of the output to
changes in the assumption and was not considered to be a realistic scenario.  Standard input variable
correlations were assumed for these simulations.  Results of this simulation are presented in section D.3.


A sensitivity analysis was conducted to examine the effect of different correlation assumptions
on the relative contribution of each input variable distribution to the variance of the Monte Carlo
simulation output.  The sensitivity analysis was performed for standard correlations, no correlations and
for the alternate half-life (t  > 53 days or t  > 84 days) scenarios.   ½ ½
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D.2.3 Estimation of Uncertainty Arising from Response Classification Error


A variable-response model was constructed to assess response classification error.  The
variable-response model is identical to the general threshold model except that responses presumed to be
uncertain were given fractional values rather than 0 or 1 (for nonresponders and responders,
respectively).  Values of 0 or 1 were generated at each bootstrap sampling by comparison of the
fractional value with random numbers drawn from a uniform distribution between 0 and 1.  The uncertain
observations were defined as those that fell close to the defined minimum response.  For late walking the
observations that fell into this category were those of 18 - 20 months (late walking = not walking by 18
months).  For late talking the uncertain observations were 24 - 26 months (late talking = not talking by 24
months).  A value of 0.5 was assigned to each of the observations for late walking and late talking that
were designated uncertain; this represented the largest possible uncertainty in classification (50%
classification error).  A 50% classification error was judged to be plausible, given the highly variable
factors involved in the original classifications in Marsh et al. (1987).  A separate analysis was conducted
for late walking assuming a 25% classification error.  This was done to allow for the possibility that the
large number of observations at exactly 18 months (22), was a result of 18 months being used as an upper
bound, rather than an exact estimate.  This could have occurred for observations that were uncertain but
judged by the authors (Marsh et al., 1987) to be 18 months or less.


The determination of neurological scores in Marsh et al. (1987) was considered to be more
objective than the determination of late walking or late talking.  There is, however, a possibility that the
distinction between adjacent scores is not absolute.  The uncertain observations for neurological effects
were scores of 3 or 4.  Although there was no clear basis for determining classification error for this
endpoint, the error was judged likely to be considerably less than for late walking and late talking. 
Simulations were run assuming a 10% or 20% classification error.  A classification error rate of 20% was
considered to be an upper bound.


There was no basis on which to determine the extent of classification error for adult
paresthesia.  In addition, there was no way to determine which responses (or nonresponses) were
marginal.  A 5% classification error was assumed for all observations to determine the sensitivity of the
threshold simulation to small error rates.  


D.3 Results


D.3.1 Bootstrap Analysis


Figures D-8 to D-10 show  the frequency distributions of thresholds for the individual
developmental endpoints resulting from the bootstrap analysis.  Figure D-11 is the threshold distribution
for the occurrence of any developmental effect.  The figures are histograms of the frequency of
occurrence of calculated threshold mercury concentrations resulting from 5,000 iterations of the
bootstrap procedure.  The threshold values on the abscissa are given in log  units.  These distributions10


represent uncertainty in the estimation of population thresholds calculated from hair mercury
concentrations.  The small separate peaks at about 600 ppm in Figures D-8 to D-10 represent bootstrap
samples that result in a nonsignificant (p > 0.05) log-probit regression slope.  A nonsignificant slope
implies that there was no relationship between hair mercury concentrations and observed response for
that bootstrap sample.  In these cases the threshold was defined as the largest hair mercury concentration
in the sample.  The frequency with which nonsignificant slopes occurred was interpreted as a measure of
the reliability of the endpoint as a measure of methylmercury toxicity.  This occurred in 0.4% of the
bootstrap samples for neurological effects, 0.1% of the late walking bootstrap samples and in 0.2% of the
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late walking bootstrap samples.  These percentages effectively limit the upper end of the bootstrap
confidence intervals that can be defined meaningfully.  As an example, the upper limit on the bootstrap
confidence interval for the neurological effects threshold was 99.6%.  The maximum two-tailed
symmetrical confidence interval on the median threshold for this endpoint that excluded nonsignificant
slopes was 99.2%.


At the other end of the distributions, the log-probit model fails to estimate a threshold when the
lowest log-probit response is greater than the background incidence (log-probit regression line fails to
intersect background in Figure D-1).  This would occur in all bootstrap samples where a zero background
incidence was estimated or when the calculated log-probit response at 3 ppm mercury in hair was greater
than the background incidence for that sample.   The threshold was calculated from the log-linear
regression model in these cases (point B in Figure D-1); this occurred in 6%, 13.5% and 100% of the
bootstrap samples for neurological effects, late talking and late walking, respectively.  The average
background incidence, as estimated from the Iraqi cohort data for each bootstrap sample, was 10.7% for
neurological effects and 8.6% for late talking.  Background incidence for late walking was 0% for all
samples.


Figure D-8
Bootstrap Threshold Distribution for Developmental Neurological Effects
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Figure D-9
Bootstrap Threshold Distribution for Late Walking


Figure D-10
Bootstrap Threshold Distribution for Late Talking
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Figure D-11
Bootstrap Threshold Distribution for Combined Developmental Effects


Figure D-12 shows the distribution of bootstrap thresholds for adult paresthesia .  The
distribution is a result of 5000 iterations of the bootstrap procedure.  Nonsignificant regression slopes
occurred in 7.5% of the samples as shown by the peak at around 2.8 (600 ppm) in Figure D-12.  The
largest confidence interval for the adult paresthesia threshold that excluded nonsignificant slopes was
85%.  Background incidence for adult paresthesia was 0% for all samples.


Figure D-12
Bootstrap Threshold Distribution for Adult Paresthesia







D-21


Table D-5 gives selected percentiles from the cumulative bootstrap threshold distributions for
the developmental endpoints and adult paresthesia.  The threshold values given in Table D-5 are given in
units of ppm mercury in hair.  The values given for the 5  and 95  percentiles in Table D-5 define theth th


90% bootstrap confidence interval for each threshold.  The adult paresthesia thresholds were the lowest
of all the endpoints modeled but showed the greatest variability.  The late walking threshold was the
lowest and most variable of the individual developmental endpoint thresholds.  The combined-effects
threshold was the least variable of all the thresholds as would be expected from the method of calculation
(minimum of the three individual endpoint thresholds).  For the combined developmental effects, the late
walking threshold was the lowest of the three thresholds most often (45%) with neurological effects and
late talking contributing the lowest threshold 31% and 24% of the time, respectively.  


Table D-5
Bootstrap Threshold Distributions in ppm Mercury in Hair for All Effects   


Bootstrap Percentile


Endpoint 5 25 50 75 95th th th th th


neurological  effects 3.8 10 19 33 63a


late walking 3.6 8.0 14 25 58b


late talking 5.5 13 20 31 57c


combined  developmental effects 24 2.5 5.3 8.7 14 244


adult paresthesia 0.64 1.5 2.8 5.9 > 500


  neurological test scores > 3 in children exposed in uteroa


  walking after 18 monthsb


  talking after 24 monthsc


  threshold for the occurrence of any developmental effectd


All bootstraps stabilized within 4000 iterations as measured by the change in the 5  and 95th th


percentiles and the ratio of those percentiles.  The largest change from 2000 to 4000 iterations in any of
the stability measurements was 3.5%.  


D.3.2 Response Classification Uncertainty 


Table D-6 gives percentiles of the cumulative bootstrap threshold distributions resulting from
the consideration of response classification error for each of the endpoints.  The distributions were a
result of 5000 iterations of the bootstrap procedure.  Frequency plots for these distributions are shown in
Figures D-13 and D-14 for late walking and adult paresthesia, respectively.
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Table D-6
Bootstrap Threshold Distributions in ppm Mercury in Hair with Inclusion of


Response Classification Error  


Bootstrap Percentile


Endpoint 5 25 50 75 95th th th th th


neurological effects 2.6 8.4 16 30 71
(CE  = 10%)a


neurological effects 2.3 7.4 15 30 > 600
(CE = 20%)


late walking 0.74 2.5 5.7 15 > 600
(CE = 25%)


late walking 0.79 2.6 5.0 12 > 600
(CE = 50%)


late talking 2.1 5.9 12 25 99b


adult paresthesia 0.50 1.5 3.3 15 > 600c


  classification error assumption for responses at boundary of minimum value defining a positive responsea


 50% classification error (boundary responses)b


 5% classification error assumed for all responses above backgroundc


Figure D-13
Bootstrap Threshold Distribution for Late Walking with Response-Classification Error
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Figure D-14
Bootstrap Threshold Distribution for Adult Paresthesia with Response-Classification Error


The primary result of the assumptions of response classification error was an increase in the
number of bootstrap samples resulting in a nonsignificant log-probit regression slope as shown in Table
D-7.  Late walking and adult paresthesia, for which over 20% of the regression slopes were
nonsignificant, were the most sensitive to classification error.  Bootstrap confidence intervals of less than
60% were the largest that excluded nonsignificant log-probit slopes for both endpoints.  6.1% of the
slopes for neurological effects were nonsignificant when a 20% classification error was assumed; there
was little effect when the error estimate was reduced to 10%.  Only 4.6% of the slopes for late walking
were nonsignificant with a classification error of 50%;  the width of the 90% confidence interval,
however, increased by a factor of 4.  Eliminating late walking from the combined developmental effects
resulted in a 53% increase in the median bootstrap threshold to 12 ppm; the 5  and 95  percentiles wereth th


increased to 2.7 and 32 ppm, respectively.
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Table D-7
Percentage of Bootstrap Thresholds Resulting from 


Nonsignificant Log-Probit Regression Slopes 


Endpoint standard classification error1


regression regression


neurological effects 0.4 CE  = 10% 2.12


CE = 20% 6.1


late walking 0.8 CE = 25% 10.9
CE = 50% 21.9


late talking 0.2 CE = 50% 4.6


adult paresthesia 7.5 CE = 5% 20.93


       no classification errora


       classification error assumptionb


       all observationsc


D.3.3 Dose Conversion Monte Carlo Simulation and Sensitivity Analysis


Table D-8 shows the results of the Monte Carlo simulation of the dose conversion factor (DCF
in equation 5) for different correlation assumptions.   Standard assumptions (scenario 1, Table D-8) were
the distribution assignments and correlations described in section D.2.2.2 and summarized in Table D-2. 
Scenario 2 in Table D-8 assumed that all the variables in equation 5 were independent.   Scenarios 3 and
4 included the standard assumptions and an additional assumption that an increased residence time of
methylmercury in the blood contributed to the susceptibility of the most sensitive individual.   Scenario 3
restricted t  to the upper half of the standard distribution, representing a moderate association of half-life½


and susceptibility, while scenario 4 represented a stronger association,  restricting t  to the upper 10% of½


the standard distribution.  


Figure D-15 shows the dose conversion frequency distributions for the standard dose
conversion factor distribution (scenario 1, Table D-8).  The values on the abscissa are given in ppm
mercury in hair/(mg/kg-day) in log  units.  The distributions in Table D-8 and Figure D-15 represent the10


uncertainty in the ratio of the exposure level (in mg/kg-day) to hair mercury concentration for the most
sensitive individual of the exposed population.  The nominal dose conversion factor is defined here as the
median value of the standard simulation (scenario 1, Table D-8).  The median value for the standard
simulation was 8.0 x 10  with a 90% confidence interval spanning a 3.57-fold range.  The corresponding-5


dose conversion value used in the derivation of the methylmercury RfD was 9.8 x 10 .  That is, the-5


methylmercury RfD would change very little if calculated using the median of the simulated dose
conversion distribution.  Using the nominal dose conversion factor, an exposure level of  1 x 10-4


mg/kg-day corresponds to a hair mercury concentration of 1.25 ppm, with a 90% confidence interval of
0.69 ppm to 2.36 ppm.
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Monte Carlo simulation of equation 4 with Hg  = 1H


Standard assumptions as in Table D-2


Table D-8
Dose Conversion Factor Monte Carlo Simulation Output for Different Correlation Assumptions in


mg/kg-day 


Percentile


Scenario 5 25 50 75 95th th th th th


1) standard correlations 4.2 x 10 6.2 x 10 8.0 x 10 1.0 x 10 1.5 x 10a -5 -5 -5 -4 -4


2) no correlations 2.6 x 10 5.0 x 10 7.9 x 10 1.2 x 10 2.3 x 10-5 -5 -5 -4 -4


3) t  > 53 days  (std. correlations)½
b 3.0 x 10 4.7 x 10 6.2 x 10 8.3 x 10 1.3 x 10-5 -5 -5 -5 -4


4) t  > 84 days  (std. correlations)½
c 2.2 x 10 3.4 x 10 4.6 x 10 6.1 x 10 9.4 x 10-5 -5 -5 -5 -5


  hb correlated with t  (r = -0.5); f correlated with bw (r = -0.47); V correlated with bw (r = +0.57)a
½


 50  percentile of tb th
½


 90  percentile of tc th
½


Figure D-15
Dose Conversion Distribution (standard assumptions)


The result of assuming correlations between input variables in equation 5 (Table D-8, scenario 1)
is a 60% reduction of the width of the 90% confidence interval compared to assuming total independence
of inputs (scenario 2).  Conversely, restricting t  to the upper half of the distribution (correlating½


susceptibility and t ) resulted in increased uncertainty around the DCF and lower dose conversion½


estimates.  Reductions in the median dose conversion estimate were 22% and 42% for a moderate (t  >½


53 days) and a strong (t  > 84 days) association of t  and susceptibility, respectively; ½ ½
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the increase in the width of the 90% confidence interval, as measured by the ratio of the 95  and 5th th


percentiles, was about 20% in both cases.  


Table D-9 shows the relative contribution of each dose conversion input variable to the variance
of the Monte Carlo simulation output for selected scenarios from Table D-8.  It can be seen from Table
D-9 that hb contributed the most to the variance of the output across the scenarios, while bw, V and A
contributed relatively little.  The relative contribution to the output variance of t  and f was highly½


sensitive to the correlation assumptions.


Table D-9
Sensitivity Analysis for Dose Conversion Monte Carlo Simulation:  


Contribution of Each Input Variable to Output Variance (%)  


Scenario


Input Variable no correlations standard
correlationsa


alternate t½
b


hb 47.9 46.5 60.4


t½ 26.7 7.9 0.0


f 16.3 33.3 29.0


V 4.7 9.6 8.3


bw 4.3 2.4 1.9


A 0 0.3 0.4


        hb correlated with t  (r=-0.5); f correlated with bw (r=-0.47); V correlated with bw (r=+0.57)a
½


        t  > 53 daysb
½


The variability of the dose conversion simulation was somewhat less than the contribution from
the bootstrap procedure.  The widths of the 90% bootstrap confidence intervals on the thresholds (in ppm
mercury in hair) ranged from 1.1 to 1.3 orders of magnitude (12-20 fold difference in the 5  and 95th th


percentiles from Table D-5).  The width of the 90% confidence interval for the standard dose conversion
simulation spanned 0.55 orders of magnitude (Table D-8), or about 18-30% of that for the bootstrap
confidence intervals.  


D.3.4 Estimation of Ingestion Thresholds


The distributions given in Table D-7 were used to obtain dose-conversion confidence intervals
for specific threshold estimates.  Table D-10 gives values at selected percentiles for the distribution of
dose-conversion uncertainty around the median ingestion threshold estimates.  The values in Table D-10
are given in units of 10  mg/kg-day as a convenience for comparison with the RfD of 1 x 10  mg/kg-day. -4 -4


The distributions in Table D-10 were determined by multiplying the appropriate dose conversion
distribution from Table D-7, as noted in Table D-10, by the median bootstrap threshold estimates for
each of the endpoints given in Table D-5.  That is, the distributions in Table D-10 represent the output of
equations 5 or 6 with Hg  equal to the median of the indicated bootstrap distribution.  As an example, theh


distribution for developmental neurological effects in Table D-10 was a result of multiplying the 5 , 25 ,th th


50 ,  75  and 95  percentiles of the standard DCF distribution by the median bootstrap threshold (19th th th
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ppm mercury in hair) for developmental neurological effects.  The duration-adjusted adult paresthesia
distribution was the dose conversion distribution for adult paresthesia given in Table D-11 divided by 4.7
(U ).  Table D-11 is the equivalent of Table D-8 for the 5  percentile bootstrap threshold estimates fromD


th


Table D-5.  


Table D-10
Dose Conversion Distributions for Median Ingestion Threshold Estimates 


in mg/kg-day (x 10 ) 4


Percentile


Endpoint 5 25 50 75 95th th th th th


neurological effects 7.9 12 15 19 27a


late walking 6.1 9.0 12 15 21a


late talking 8.4 12 16 20 29a


combined  developmental effects  3.7 5.4 7.0 8.7 13a


combined  developmental effects  (t 2.6 4.0 5.4 7.2 11½


> 53 days)b


adult paresthesia 1.2 1.7 2.2 2.8 4.0a


duration-adjusted adult paresthesia 0.26 0.36 0.47 0.60 0.86c


 standard assumptions (scenario 1, Table D-9)a


 scenario 3, Table D-9b


 adult paresthesia distribution divided by Uc
D


Table D-11
Dose Conversion Distributions for 5  Percentile Ingestion Threshold Estimates th


in mg/kg-day (x 10 ) 4


Percentile


Endpoint 5 25 50 75 95th th th th th


neurological effects    1.6 2.4 3.1 3.8 5.6a


late walking 1.5 2.2 2.9 3.6 5.2a


late talking 2.3 3.4 4.4 5.5 8.0a


combined  developmental effects  1.0 1.5 2.0 2.5 3.6a


combined  developmental effects  0.74 1.1 1.5 2.0 3.1b


(t  > 53 days)½


adult paresthesia 0.27 0.40 0.52 0.65 0.94a


duration-adjusted adult paresthesia 0.058 0.086 0.11 0.14 0.20c


 standard assumptions (scenario 1, Table D-9)a
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 scenario 3, Table D-9b


 adult paresthesia distribution divided by Uc
D


The 5% and 95% columns in Tables D-10 and D-11 represent the 90% confidence intervals for
specific percentiles of the thresholds expressed as ingestion levels in mg/kg-day.  For example, with
respect to the neurological effects distribution in Table D-10, there is 90% confidence that the true
median threshold for neurological effects is between 7.8 x 10  and 2.7 x 10  mg/kg-day.  Similarly, there-4 -3


is 90% confidence that the true 5  percentile of the neurological effects threshold distribution is betweenth


1.4 x 10  and 4.8 x 10  mg/kg-day (Table D-11).  The median ingestion threshold for duration-adjusted-4 -4


adult paresthesia was 1 x 10  mg/kg-day, with a 90% confidence interval of 2.3 x 10  mg/kg-day to 4 x-4 -5


10  mg/kg-day.-5


Figure D-16 is a plot of the cumulative bootstrap threshold distribution for combined
developmental effects multiplied by values of the dose conversion distribution at selected percentiles. 
The plots from left to right in Figure D-16 represent different realizations of the distribution of ingestion
thresholds based on the relative likelihood of specific values of the dose conversion factor (5 , 50  andth th


95  percentiles).  The horizontal box and whisker plot corresponds to the dose conversion distributionth 


multiplied by the median of the bootstrap threshold distribution for combined developmental effects as
given in Table D-10; the box is the interquartile range (25  to 75  percentiles) and the whiskers are theth th


5  and 95  percentiles.  Figure D-17 is the same plot for combined developmental effects with theth th


assumption that t  is greater than 53 days (Table D-8, scenario 3).  Figures D-18 to D-22 are the½


equivalent plots for the individual-effect thresholds.  Ingestion threshold distributions for adult effects
are shown in Figures D-21 and D-22.  Figure D-21 is the ingestion threshold distribution for the adult
paresthesia observed in the Iraqi cohort.  Figure D-22 is the ingestion threshold distribution for duration-
adjusted adult paresthesia resulting from dividing the adult paresthesia ingestion threshold distribution by
U .  That is, Figure D-22 is the distribution in Figure D-21 shifted to the left by a factor of 4.7.D


Figure D-16
Cumulative Combined Developmental Effects Ingestion Threshold Distribution
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p = cumulative probability


p = cumulative probability


Figure D-17
Cumulative Combined Developmental Effects Ingestion Threshold Distribution


(t  > 53 days)½


Figure D-18
Cumulative Neurological Effects Ingestion Threshold Distribution







threshold (mg/kg-day)


p


0.00005 0.00050 0.00500


0.
0


0.
2


0.
4


0.
6


0.
8


1.
0


0.0001 0.001


ingestion threshold distribution
dose conversion distribution
RfD


5% 25% 50% 75% 95%


RfD


threshold (mg/kg-day)


p


0.00005 0.00050 0.00500


0.
0


0.
2


0.
4


0.
6


0.
8


1.
0


0.0001 0.001


ingestion threshold distribution
dose conversion distribution
RfD


5% 25% 50% 75% 95%


RfD


D-30


p = cumulative probability


p = cumulative probability


Figure D-19
Cumulative Late Walking Ingestion Threshold Distribution


Figure D-20
Cumulative Late Talking Ingestion Threshold Distribution
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p = cumulative probability


p = cumulative probability


Figure D-21
Cumulative Adult Paresthesia Ingestion Threshold Distribution


(no exposure duration adjustment)


Figure D-22
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p = cumulative probability


Cumulative Duration-Adjusted Adult Paresthesia Threshold Distribution


The uncertainty around the location of the RfD within each of the distributions shown in Figures
D-17 to D-22 is indicated by the vertical line at 1 x 10  mg/kg-day; this uncertainty came from the dose-4


conversion variability.  As an example, the RfD fell between the 0.035 and 4.5 percentiles of the
combined developmental effects threshold distribution with 90% confidence as determined by the
intersection of the RfD line with the 5 % and 95% ingestion threshold curves (Figure D-16).  The median
estimate of the location of the RfD in this distribution was the 0.25 percentile.  Similarly, the RfD fell
between the 39  and 91  percentile of the  duration-adjusted adult paresthesia threshold distribution withth st


the median at the 75  percentile (Figure D-22).  The RfD was at the 18  percentile of the adultth th


paresthesia threshold distribution and below the 1  percentile for all of the other threshold distributions.  st


D.4 Discussion of Uncertainty Analysis


Because the Iraqi cohort is considered to be a sensitive subgroup, as defined in the RfD
methodology, the output distributions of the analysis are meant to reflect the uncertainty around an
estimate of the thresholds for effects in humans including sensitive individuals.  The results for each
endpoint should be interpreted as the distribution of the uncertainty around the human population
threshold.  The results should not be interpreted as the distributions of individual thresholds within the
population.  Estimates of risk above the threshold cannot be obtained from this analysis.


This analysis has attempted to incorporate all areas of uncertainty involved in the derivation of
the methylmercury RfD in Chapter 6 of Volume IV of this report.  The 10-fold uncertainty factor (UF)
includes a 3-fold (10 ) factor for human variability and a 3-fold factor for the lack of reproductive and0.5


chronic studies.  The UF for human variability includes a consideration of both susceptibility and
variation in methylmercury blood half-lives.  The bootstrap threshold confidence intervals incorporate
the former, and the latter is explicitly modeled (t ) in the dose conversion Monte Carlo analysis. ½


Uncertainty arising from the lack of chronic data is estimated by U ; this uncertainty was a point estimateD


only, as the data were inadequate for defining a distribution for U .   Because U  was derived as a scalingD D
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factor for adult effects it is not directly comparable to the UF for chronic effects used in the derivation of
the RfD, which was based on developmental endpoints.  The only uncertainty included in the RfD and
not addressed here is the uncertainty attributed to the lack of a reproductive study; there are no
appropriate data for the estimation of this uncertainty.   In general, reproductive NOAELs are slightly
lower than developmental NOAELs for other substances, but much higher than chronic NOAELs
(Dourson, Knauf and Swartout, 1992).  That is, the uncertainty in the thresholds is expected to be much
less for lack of a reproductive study than for lack of a chronic study.


The uncertainty analysis presented in this appendix was limited to only those data and formulae
directly related to the derivation of the methylmercury RfD.  Other data sets or models were not
considered.   A few sources of uncertainty in the data used to derive the methylmercury RfD have not
been included in this analysis.  Exposure classification error arising from uncertainty as to the
correspondence of actual exposure and critical exposure period cannot be estimated from the data as
published in Marsh et al., 1987.  This source of uncertainty could be a major contributor to the apparent
extreme variability of susceptibilities in the Iraqi cohort.  Variability in the interpretation of the definition
of a response was not estimated in this analysis.  That is, there would have been some differences in how
individuals interpreted what constituted first walking or first talking, probably more so for the latter.  The
classification errors assumed for this analysis only account for uncertainty in the timing of the event
given an unequivocal positive response.  Also, the response decision points defining an adverse effect
were accepted uncritically.  For example, changing the definition of late walking to either greater than 16
months or greater than 20 months would have a significant effect on the analysis.  Measurement error for
hair mercury concentrations has not been estimated for this analysis; the necessary data are unavailable
in the published reports (Marsh et al., 1987; Cox et al., 1989).  In addition, the results of this analysis are
conditional on a specific representation of population variability in the parameters of the dose conversion
variables.   That is, the choice of the form, and parameters for the distributions assigned to each of the
variables is largely a matter of judgement.  The particular set of parameters chosen for each distribution
is only one option of a number of possible choices; uncertainty as to the value of the parameters is not
included in the analysis.  


The threshold analysis shows that adult paresthesia was the most sensitive individual effect
observed for the Iraqi cohort, particularly when adjusted for the effects of continuing exposure.  That is,
in this analysis, paresthesia in adults was estimated to be observable at a lower exposure than the
developmental endpoints.  The absence of an observed background incidence for paresthesia in the Iraqi
cohort partially contributed to the low threshold estimates.  A background incidence for paresthesia
would be expected in the general population.  The adult paresthesia bootstrap thresholds were also the
most unstable as measured by the frequency of nonsignificant slopes.  The RfD fell between the 39  andth


91  percentiles of the  duration-adjusted adult paresthesia threshold distribution, a considerably largerst


range than that for any of the developmental effects.  On the average, the RfD fell below the 1  percentilest


for all developmental effects, with only a 5% chance that it was as high as the 16  percentile.  th


The response-classification uncertainty analyses were based on hypothetical classification error
rates.  Assumptions of 50% response-classification error for late walking and late talking were worst-case
for those values immediately adjacent to the response decision point value for any given effect.  That is,
for late walking, the values of 18 or 20 months for first walking and 24 or 26 months for first talking
were assumed to be equally likely, resulting in misclassification 50% of the time.  This would require an
uncertainty in recall of these events of at least 2 months, which is not unlikely in this particular situation. 
The actual classification error was likely to be somewhat less than 50%, particularly as the large number
of observations for late walking at 18 months (22 of the 81 individuals) suggests that 18 months may
have been used as an upper bound in some cases.  The response-classification error assumptions for late
walking and late talking were best-case for all other values as no error is assumed.  Even with a 25%
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classification error, however, the results of the response-classification uncertainty analysis indicate that
the late walking endpoint was unreliable as a measure of methylmercury toxicity.  The exclusion of this
endpoint would not have a very large impact on the combined developmental effects threshold
distribution, increasing the thresholds by about 50%.  Although the late talking threshold distribution is
not grossly affected by response-classification error, variability in interpretation of the definition of the
endpoint (first talking) likely would have been greater than that for walking; this uncertainty was not
estimated in this analysis.  The neurological effects thresholds were least sensitive to classification error,
assuming that the true error was closer 10% than 20%.  The assumption seems reasonable given the much
greater objectivity of the measurement of the effect.  Adult paresthesia was the most sensitive to
classification error, showing extreme variability in the threshold estimates with a classification error rate
as low as 5% (all observations).  These results suggest that strong conclusions based on the late walking
and adult paresthesia endpoints are unwarranted.
  


Results of the alternate scenarios (Table D-8) show that the primary effect of the correlation
assumptions among the dose conversion input variables was a fairly large reduction in the variance of the
Monte Carlo simulation output.  The assumption of correlation of individual susceptibility and half-life
of methylmercury in the blood did not have a marked effect on the simulation except for a 42% reduction
in the median when a strong correlation was assumed (t  > 84 days).  The latter scenario probably½


represented a worst-case situation although no data were found that directly address the magnitude of the
hypothetical correlation.  


The sensitivity analysis indicates that the variables that contribute the most to the dose
conversion simulation variability are the hair:blood ratio (hb), the half-life of methylmercury in the blood
(t ) and the fraction of absorbed methylmercury found in the blood (f).  There is very little that can be½


done to reduce the uncertainty in these variables because appropriate data directly applicable to the Iraqi
cohort are not available.  These results could be of use in the experimental design and collection of data
for estimates of ingestion levels from hair concentrations in the future.  


2.4.5 Conclusions of Analysis of Uncertainty Around Human Health effects of Methylmercury


A major source of the variability was in the estimation of bootstrap thresholds from the Iraqi
cohort data as evidenced by the 12-20 fold difference in the 5  and 95  percentiles of the bootstrapth th


threshold distributions.  The uncertainty arising from limited exposure duration contributed almost as
much, with a 12.5-fold difference in the 5  and 95  percentiles.  The corresponding spreads in the doseth th


conversion distributions were 2.4-4.2 fold.  Correlations between variables were important with respect
to the variance of the Monte Carlo simulations but were not well-defined by empirical data.  Additional
areas of uncertainty remain to be modeled.


Of the developmental endpoints, the neurological effects, which are determined by a battery of
tests and do not depend on subject recall, would seem to be the most objective measure of methylmercury
toxicity.  Late walking was not a reliable endpoint because of sensitivity to classification error.


The RfD of 1 x 10  mg/kg-day is very likely well below the threshold for developmental effects-4


but may be above the threshold for exposure duration-adjusted adult paresthesia.  Strong conclusions
based on the latter result are not warranted because of the sensitivity of the adult paresthesia threshold to
classification error and the general lack of data addressing the effects of exposure duration.
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EXECUTIVE SUMMARY


Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, requires the U.S.
Environmental Protection Agency (U.S. EPA) to submit a study on atmospheric mercury emissions to
Congress.  The sources of emissions that must be studied include electric utility steam generating units,
municipal waste combustion units and other sources, including area sources.  Congress directed that the
Mercury Study evaluate many aspects of mercury emissions, including the rate and mass of emissions,
health and environmental effects, technologies to control such emissions and the costs of such controls.


In response to this mandate, U.S. EPA has prepared an eight-volume Mercury Study Report to
Congress.  This volume -- Volume II of the Report to Congress -- estimates emissions of mercury from
anthropogenic sources and provides abbreviated process descriptions, control technique options,
emission factors and activity levels for these sources.  The information contained in this volume will be
useful in identifying source categories that emit mercury, in selecting potential candidates for mercury
emission reductions and in evaluating possible control technologies or materials substitution/elimination
that could be used to achieve these reductions (as presented in Volume VIII of this Report to Congress). 
The emissions data presented here also served as input data to U.S. EPA's local impact analyses and
long-range transport model that assessed the dispersion of mercury emissions nationwide (as presented in
Volume III of this Report to Congress).


Overview of Sources


In the CAA, Congress directed U.S. EPA to examine sources of mercury emissions, including
electric utility steam generating units, municipal waste combustion units and other sources, including
area sources.  The U.S. EPA interpreted the phrase "... and other sources..." to mean that a
comprehensive examination of mercury sources should be made and to the extent data were available, air
emissions should be quantified.  This report describes in some detail various source categories that emit
mercury.  In many cases, a particular source category is identified as having the potential to emit
mercury, but data are not available to assign a quantitative estimate of emissions.  The U.S. EPA's intent
was to identify as many sources of mercury emissions to the air as possible and to quantify those
emissions where possible.


The mercury emissions data that are available vary considerably in quantity and quality between
different source types.  Not surprisingly, the best available data are for source categories that U.S. EPA
has examined in the past or is currently studying.


Sources of mercury emissions in the United States are ubiquitous.  To characterize these
emissions, the type of mercury emission is defined as either:


� Natural mercury emissions -- the mobilization or release of geologically bound mercury
by natural processes, with mass transfer of mercury to the atmosphere;


� Anthropogenic mercury emissions -- the mobilization or release of geologically bound
mercury by human activities, with mass transfer of mercury to the atmosphere; or


� Re-emitted mercury -- the mass transfer of mercury to the atmosphere by biologic and
geologic processes drawing on a pool of mercury that was deposited to the earth's
surface after initial mobilization by either anthropogenic or natural activities.







      The emission factors used in developing this mercury emissions inventory are generally consistent with those1


presented in the U.S. EPA document entitled Locating and Estimating Air Emissions from Sources of Mercury and
Mercury Compounds (Draft Final Report) May 1997.  Some of the nationwide emission estimates may vary slightly
between the two documents.
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Anthropogenic mercury emissions can be further divided into area and point sources. 
Anthropogenic area sources of mercury emissions are sources that are typically small and numerous and
usually cannot be readily located geographically.  For the purpose of this report, mobile sources are
included in the area source discussion.  Point sources are those anthropogenic sources that are associated
with a fixed geographic location.  These point sources are further divided into combustion,
manufacturing and miscellaneous source categories.  Particular types of sources that fall into these
various groups and that were examined in this study are outlined in Table ES-1.


A prerequisite for developing strategies for reducing mercury concentrations in surface waters,
biota and ambient air is a comprehensive characterization of all sources of mercury releases to the
environment.  This would include a review not only of airborne emissions, but also direct discharges to
surface water and soil as well as past commercial and waste disposal practices (e.g., historical
applications of mercury-containing pesticides and fungicides that are presently banned) that have
resulted in mercury contamination of different environmental media.  Although the focus of this study is
on air emissions in accordance with section 112(n) of the CAA, U.S. EPA recognizes that such past and
current releases of mercury to other media can be important contributors to overall mercury loadings and
exposures in some locations.


Moreover, a complete characterization of air emissions would include the identification of all
significant mercury emission sources, both anthropogenic and natural, and would account for re-emitted
mercury.  The current state of knowledge about mercury emissions, however, does not allow for an
accurate assessment of either natural or re-emitted mercury emissions.  For example, approximately one-
third of total current global mercury emissions are thought to cycle from the oceans to the atmosphere
and back again to the oceans, but a major fraction of the emissions from oceans consists of recycled
anthropogenic mercury.  It is believed that much less than 50 percent of the oceanic emission is from
mercury originally mobilized by natural sources.  Similarly, an unknown but potentially large fraction of
terrestrial and vegetative emissions consists of recycled mercury from previously deposited
anthropogenic and natural emissions (Expert Panel, 1994).


Given the considerable uncertainties regarding the levels of natural and re-emitted mercury
emissions, this report focuses only on the nature and magnitude of mercury emissions from
anthropogenic sources.  Further study is needed to determine the importance of natural and re-emitted
mercury.


Approach for Estimating Anthropogenic Emissions


For most anthropogenic source categories, an emission factor-based approach was used to
develop both facility-specific estimates for modeling purposes and nationwide emission estimates.  This
approach requires an emission factor, which is a ratio of the mass of mercury emitted to a measure of
source activity.   It also requires an estimate of the annual nationwide source activity level.  Examples of1


measures of source activity include total heat input for fossil fuel combustion and total raw material used
or product generated for industrial processes.  Emission factors are generated from emission test data,
from engineering analyses based on mass balance techniques, or from transfer of information
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Table ES-1
Sources of Anthropogenic Mercury Emissions Examined in this Inventory


Area Point


Combustion Manufacturing Miscellaneous


Electric lamp breakage Utility Boilers Chlor-alkali production Oil shale retorting


Paints use Commercial/industrial Lime manufacturing Mercury catalysts
boilers


Laboratory use Residential boilers Primary mercury production Pigment production


Dental preparations Municipal waste Mercury compounds Explosives
combustors production manufacturinga


Mobile sources Medical waste incinerators Battery production Geothermal powera


plants


Agricultural burning Sewage sludge Electrical appartatus Turf productsa


incinerators manufacturing


Landfills Hazardous waste Carbon black production
combustors


Sludge application Wood-fired boilers Byproduct coke productiona a


Residential woodstoves Primary copper smeltinga


Crematories Cement manufacturing


Primary lead smelting


Petroleum refininga


Instrument manufacturing


Secondary mercury
production


Zinc mininga


Fluorescent lamp recycling


Pulp and paper mills


 Potential anthropogenic sources of mercury for which emissions were not estimated.a
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from comparable emission sources.  Emission factors reflect the "typical control" achieved by the air
pollution control measures applied across the population of sources within a source category.


The emission factor-based approach does not generate exact emission estimates.  Uncertainties
are introduced in the estimation of emission factors, control efficiencies and the activity level measures. 
Ideally, emission factors are based on a substantial quantity of data from sources that represent the
source category population.  For trace pollutants like mercury, however, emission factors are frequently
based on limited data that may not have been collected from representative sources.  Changes in
processes or emission measurement techniques over time may also result in biased emission factors. 
Emission control estimates are also generally based on limited data; as such, these estimates are
imprecise and may be biased.  Further uncertainty in the emission estimates is added by the sources of
information used on source activity levels, which vary in reliability.  Table ES-2 presents anthropogenic
source categories for which U.S. EPA had sufficient data to estimate national emissions.


Anthropogenic Emissions Summary


Table ES-3 summarizes the estimated national mercury emission rates by source category. 
While these emission estimates for anthropogenic sources have important limitations, they do provide
insight into the relative magnitude of emissions from different groups of sources.  All of these emissions
estimates should be regarded as best estimates given available data.


Of the estimated 144 Megagrams (Mg) (158 tons) of mercury emitted annually into the
atmosphere by anthropogenic sources in the United States, approximately 87 percent is from combustion
point sources, 10 percent is from manufacturing point sources, 2 percent is from area sources, and
1 percent is from miscellaneous sources.  Four specific source categories account for approximately
80 percent of the total anthropogenic emissions--coal-fired utility boilers (33 percent), municipal waste
combustion (19 percent), commercial/industrial boilers (18 percent), and medical waste incinerators
(10 percent).  It should be noted that the U.S. EPA has finalized mercury emission limits for municipal
waste combustors and medical waste incinerators.  When fully implemented, these emission limits will
reduce mercury emissions from these sources by an additional 90 percent over 1995 levels.


All four of the most significant sources represent high temperature waste combustion or fossil
fuel processes.  For each of these operations, the mercury is present as a trace contaminant in the fuel or
feedstock.  Because of its relatively low boiling point, mercury is volatilized during high temperature
operations and discharged to the atmosphere with the exhaust gas.


For the long-range transport analysis, the emissions inventory was mapped for the continental
U.S.  The continental U.S. was divided into 40-km square grid cells and the magnitude of the mercury
emissions were calculated for each cell.  For the most part, the location (at least to the county level) of
the mercury point sources described in this document were known.
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Table ES-2
Anthropogenic Mercury Sources With Sufficient


Data to Estimate National Emissions


Area Point


Combustion Manufacturing Miscellaneous


Electric lamp breakage Utility Boilers Chlor-alkali production Geothermal power
plants


Laboratory use Commercial/industrial Cement manufacturing
boilers


Dental preparation Residential boilers Battery production


Landfills Municipal waste Electric apparatus
combustors manufacturing


Medical waste Instrument manufacturing
incinerators


Sewage sludge Secondary mercury
incinerators production


Wood-fired boilers Carbon black production


Hazardous waste Primary lead smelting
combustors


Crematories Primary copper smelting


Lime manufacturing


Fluorescent lamp recycling


Pulp and paper mills
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Table ES-3
Best Point Estimates of 1994-1995 National Mercury Emission Rates by Category


Sources of mercury Mg/yr tons/yr Inventorya
1994-1995 1994-1995 % of Total


b b b


Area sources 3.1 3.4 2.2
     Lamp breakage 1.4 1.5 1.0
     General laboratory use 1.0 1.1 0.7
     Dental preparations 0.6 0.7 0.4
     Landfills 0.07 0.08 0.1
     Mobile sources c c c
     Paint use c c c
     Agricultural burning c c c


Point Sources 141.0 154.7 97.8
     Combustion sources 125.3 137.7 86.9
          Utility boilers
               Coal
               Oil
               Natural gas
          MWCsh


          Commercial/industrial boilers
               Coal
               Oil
          MWIsh


          Hazardous waste combustorse


          Residential boilers
               Oil
               Coal
          SSIs
          Wood-fired boilersf


          Crematories
     Manufacturing sources
          Chlor-alkali
          Portland cemente


          Pulp and paper manufacturing
          Instruments manufacturing
          Secondary Hg production
          Electrical apparatus
          Carbon black
          Lime manufacturing
          Primary lead
          Primary copper
          Fluorescent lamp recycling
          Batteries
          Primary Hg production
          Mercury compounds 
          Byproduct coke
          Refineries
     Miscellaneous sources
          Geothermal power
          Turf products
          Pigments, oil, etc.


TOTAL


47.2 51.8 32.8
(47) (51.6) (32.6)d


(0.2) (0.2) (0.1)
(<0.1) (<0.1) (0.0)
26.9 29.6 18.7
25.8 28.4 17.9


(18.8) (20.7) (13.1)
(7.0) (7.7) (4.9)
14.6 16.0 10.1
6.4 7.1 4.4
3.3 3.6 2.3


(2.9) (3.2) (2.0)
(0.4) (0.5) (0.3)
0.9 1.0 0.6
0.2 0.2 0.1


<0.1 <0.1 0.0
14.4 15.6 10.0
6.5 7.1 4.5
4.4 4.8 3.1
1.7 1.9 1.2
0.5 0.5 0.3
0.4 0.4 0.3
0.3 0.3 0.2
0.3 0.3 0.2
0.1 0.1 0.1
0.1 0.1 0.1


<0.1 <0.1 0.0
<0.1 <0.1 0.0
<0.1 <0.1 0.0


c c c
c c c
c c c
c c c


1.3 1.4 0.9
1.3 1.4 0.9
g g g
g g g


144 158 100


 MWC=Municipal waste combustor; MWI=medical waste incinerator; SSI=sewage sludge incinerator a


Numbers do not add exactly because of rounding.b 


 Insufficient information to estimate 1994-1995 emissions.c


 Parentheses denote subtotal within larger point source category.d


For the purpose of this inventory, cement kilns that burn hazardous waste for fuel are counted as hazardous waste combustors.e 


 Includes boilers only; does not include residential wood combustion (wood stoves).f


 Mercury has been phased out of use.g


 EPA has finalized emissions guidelines for these source categories which will reduce mercury emissions by at least an additional 90 percenth


over 1995 levels. 







ES-7


Figure ES-1 illustrates the spatial distribution of mercury emissions across the U.S. based on this
inventory.  This distribution formed the basis of the long-range transport modeling and the resulting
predictions of wet and dry deposition across the U.S.


Accuracy of the Inventory


The accuracy of the emission estimates is obviously a factor in assessing the inventory's
usefulness for its intended purposes.  Considering the admitted gaps in the inventory, the external peer
review panel that reviewed this work in January 1995 concluded that the missing sources could
contribute as much as 20 percent more mercury emissions to the U.S. total.  For comparison, one
reviewer submitted data on the amount of mercury emitted per person in some European countries (based
on anthropogenic emissions only).


Based on the inventory presented in this document, the U.S. inventory represents 0.55 g mercury
per person per year.  Based on data submitted during the 1995 external peer review process, 0.90 g
mercury per person per year is emitted in the United Kingdom.  In Germany (Western area), 0.75 g
mercury per person per year is emitted.  In Poland, 0.88 g mercury per person per year is estimated to be
emitted.  The European emission average is about 1.2 g mercury per person per year (Pacyna, 1995). 


This national inventory of estimated mercury emissions compares favorably with other national
estimates.  Porcella, et al. (1995) estimated 1990 U.S. mercury emissions to be 154.1 Mg and Pai, et al.
(1997) estimated 1990 emissions at 146.4 Mg.  This study estimates the 1994-1995 national baseline
emissions to be 145 Mg.  In general, each of these studies used similar emissions estimation techniques
and data sources, and estimates for individual source categories are close.   Like this study, these other
studies also used “top down” techniques based on emission factors  (e.g., lbs mercury emitted per unit of
energy or lbs product produced) multiplied by an activity level (e.g., pounds product produced in a year). 
This approach is common, particularly for a national estimate where adding up actual emissions from
every source would be unrealistic.


A regional inventory being compiled by the Northeast States for Coordinated Air Use
Management (NESCAUM) was used for a regional modeling study of mercury emissions and dispersion
in Connecticut, Maine, Maryland, New Hampshire, New Jersey, New York, Rhode Island, and Vermont. 
Emissions for each state were allocated to modeling grid cells for regional modeling.  A comparison of
the emissions inventory for each of these states to this study’s emission inventory for the same states
produced good agreement.  The EPA’s emission inventory is about 19 Mg/year for the NESCAUM
states, while the states’ own estimates total about 16 Mg/year.  The state estimates are likely to be more
accurate because in many cases, emissions testing is required for air pollution permits and these test data
were available to the states to estimate emissions from specific facilities (compared to the EPA’s
emission factor approach).


Trends in Mercury Emissions


It is difficult to predict with confidence the temporal trends in mercury emissions for the U.S.,
although there appears to be a trend toward decreasing total mercury emissions from 1990 to 1995.  This
is particularly true for the waste combustion sources where emissions have declined 50 percent from
municipal waste combustors and 75 percent from medical waste incinerators since 1990 (see below). 
Also, as previously noted, there are a number of source categories where there is insufficient 
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data to estimate current emissions let alone potential future emissions.  Based on available information,
however, a number of observations can be made regarding mercury emission trends from source
categories where some information is available about past activities and projected future activities.


Current emissions of mercury from manufacturing sources are generally low compared to
combustion sources (with the exception of chlor-alkali plants using the mercury cell process and portland
cement manufacturing plants).  The emissions of mercury are more likely to occur when the product
(e.g., lamps, thermostats) is broken or discarded.  Therefore, in terms of emission trends, one would
expect that if the future consumption of mercury remains consistent with the 1996 consumption rate,
emissions from most manufacturing sources would remain about the same.


For industrial or manufacturing sources that use mercury in products or processes, the overall
consumption of mercury is generally declining.  Industrial consumption of mercury has declined by
about 75 percent between 1988 (1503 Mg) and 1996 (372 Mg).  Much of this decline can be attributed to
the elimination of mercury as a paint additive (20 percent) and the reduction of mercury in batteries (36
percent).  Use of mercury by other source categories remained about the same between 1988 and 1996.


Secondary production of mercury (i.e., recovering mercury from waste products) has increased
significantly over the past few years.  While 372 Mg of mercury were used in industrial processes in
1996, 446 Mg were produced by secondary mercury producers and an additional 340 Mg were imported. 
This is a two-fold increase since 1991.  The number of secondary mercury producers is expected to
increase as more facilities open to recover mercury from fluorescent lamps and other mercury-containing
products (e.g., thermostats).  As a result there is potential for mercury emissions from this source
category to increase.


The largest identified source of mercury emissions during 1994-1995 is fossil fuel combustion
by utility boilers, particularly coal combustion.  Future trends in mercury emissions from this source
category are largely dependent on both the nation's future energy needs and the fuel chosen to meet those
needs.  Another factor is the nature of actions the utility industry may take in the future to meet other air
quality requirements under the Clean Air Act (e.g., national ambient air quality standards for ozone and
particulate matter).


Two other significant sources of mercury emissions currently are municipal waste combustors
and medical waste incinerators.  Emissions from these source categories have declined considerably
since 1990 on account of plant closures (for medical waste incinerators) and reduction in the mercury
content of the waste stream (municipal waste combustors) and will decline even further by the year 2000
due to regulatory action the U.S. EPA is taking under the statutory authority of section 129 of the CAA. 
As described in sections 4.1.2 and 4.1.4 of this document, the U.S. EPA has finalized rules for municipal
waste combustors and medical waste incinerators that will, when fully implemented, reduce mercury
emissions from both of these source categories by an additional 90 percent over 1995 levels.  In addition
to this federal action, a number of states (including Minnesota, Florida and New Jersey) have
implemented mandatory recycling programs to reduce mercury-containing waste, and some states have
regulations that impose emission limits that are lower than the federal regulation.  These factors will
reduce national mercury emissions from these source categories even further.
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Conclusions


The following conclusions are presented in approximate order of degree of certainty in the
conclusion, based on the quality of the underlying database.  The conclusions progress from
those with greater certainty to those with lesser certainty.


� Numerous industrial and manufacturing processes emit mercury to the atmosphere. 
Mercury emissions from U.S. manufacturing sources, however, have dropped about 75
percent over the past decade.


� Mercury is emitted, to a varying degree, from anthropogenic sources virtually
everywhere in the United States.


� Natural sources of mercury and re-emission of previously deposited mercury are also
sources of mercury to the atmosphere, although the magnitude of the contribution of
these sources relative to the contribution of current anthropogenic sources is not well
understood.


� Prior to 1995, municipal waste combustors and medical waste incinerators were the
largest identifiable source of mercury emissions to the atmosphere.  Regulations which
have been finalized for municipal waste combustors and medical waste incinerators will,
when fully implemented, reduce emissions from these source categories by an additional
90 percent over 1995 levels.


� Present emissions estimates indicate that coal-fired utility boilers are the single largest
emissions source, contributing approximately 33 percent of the national inventory.


� Anthropogenic sources in the United States emit approximately 144 Mg (158 tons) of
mercury annually into the atmosphere.  This estimate is believed to be accurate to within
30 percent.  This estimate represents emissions calculated during the 1994-1995 time
frame. 


� In the United States, areas east of the Rocky Mountains have the highest concentration of
emissions from anthropogenic sources in the U.S.


� The areas having the greatest concentration of mercury emissions from anthropogenic
sources of total mercury (i.e., all chemical species) are the following:  the urban corridor
from Washington D.C. to Boston, the Tampa and Miami areas of Florida, the larger
urban areas of the Midwest and Ohio Valley and two sites in northeastern Texas.


� The areas having generally the lowest emissions are in the Great Basin region of the
western United States and the High Plains region of the central United States.  There are
generally few large emission sources in the western third of the United States, with the
exception of the San Francisco and Los Angeles areas and specific industrial operations.
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There are many uncertainties in the emission estimates for individual source categories due to
uncertainties inherent in an emission factor approach.  The source of these uncertainties include
the following: 


� Variability in the estimates of source activity for each source category.  Activity levels
used in this Report were compiled over different time periods and by a variety of survey
procedures.


� Emissions test data that are of poor quality or are based on very few analyses, which may
not be representative of the full source population being studied.


� Changes in processes or emission measurement techniques over time (especially since
about 1985).  Earlier techniques may have measured too much mercury because of
contamination problems.


� A lack of data for some source categories which either led to estimates based on
engineering judgment or mass balance calculations.  For a number of source categories
there were insufficient data and, thus, no emissions estimates were made.


� Limited data on the effectiveness of air pollution control equipment to capture mercury
emissions.


Understanding the public health and environmental impacts of current anthropogenic emissions
is complicated by an incomplete understanding of the following factors:


� Global and transboundary deposition of mercury and the impact this has on deposition of
mercury in the U.S.


� The magnitude and chemical nature of natural emissions.


� The magnitude and chemical nature of re-emitted mercury.


� The public health and environmental impacts of emissions from past uses of mercury
(such as paint application) relative to current anthropogenic emissions. 


To improve the emissions estimates, U.S. EPA would need the following:


� Source test data from a number of source categories that have been identified in this
volume as having insufficient data to estimate emissions.  Notable among these are
mobile sources, agricultural burning, sludge application, coke ovens, petroleum refining,
residential woodstoves, mercury compounds production and zinc mining.


� Improvements in the existing emissions information for a number of source categories
including secondary mercury production (i.e., recycling), commercial and industrial
boilers, landfills, electric lamp breakage, and iron and steel manufacturing.


� Validation of a stack test protocol for speciated mercury emissions.
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� More data on the efficacy of conventional coal cleaning and the potential for slurries
from the cleaning process to be a mercury emission source.


� More data are needed on the mercury content of various coals and petroleum and the
trends in the mercury content of coal burned at utilities and petroleum refined in the U.S.


� Additional research to address the potential for methylmercury to be emitted (or formed)
in the flue gas of combustion sources.


� Investigation of the importance (quantitatively) of re-emission of mercury from
previously deposited anthropogenic emissions and mercury-bearing mining waste.  This
would include both terrestrial and water environments.  Measuring the flux of mercury
from various environments would allow a determination to be made of the relative
importance of re-emitted mercury to the overall emissions of current anthropogenic
sources.


� Determination of the mercury flux from natural sources to help determine the impact of
U.S. anthropogenic sources on the global mercury cycle as well as the impact of all
mercury emissions in the United States.


� More detailed emissions data to support the use of more sophisticated fate and transport
models for mercury; in particular, more information is needed on the chemical species of
mercury being emitted (including whether these species are particle-bound) and the
temporal variability of the emissions.


Based on trends in mercury use and emissions, the U.S. EPA predicts the following:


� A significant decrease (at least 90 percent over 1995 levels) will occur in mercury
emissions from municipal waste combustors and medical waste incinerators by the year
2000 when the regulations finalized by U.S. EPA for these source categories are fully
implemented.


� Manufacturing use of mercury will continue to decline with chlorine production from
mercury cell chlor-alkali plants continuing to account for most of the mercury use in the
manufacturing sector.


� Secondary production of mercury will continue to increase as more recycling facilities
commence operation to recover mercury from discarded products and wastes.
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1. INTRODUCTION


Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, requires the U.S.
Environmental Protection Agency (U.S. EPA) to submit a study on atmospheric mercury emissions to
Congress.  The sources of emissions that must be studied include electric utility steam generating units,
municipal waste combustion units and other sources, including area sources.  Congress directed that the
Mercury Study evaluate many aspects of mercury emissions, including the rate and mass of emissions,
health and environmental effects, technologies to control such emissions, and the costs of such controls.


In response to this mandate, U.S. EPA has prepared an eight-volume Mercury Study Report to
Congress.  The eight volumes are as follows:


I. Executive Summary
II. An Inventory of Anthropogenic Mercury Emissions in the United States
III. Fate and Transport of Mercury in the Environment
IV. An Assessment of Exposure to Mercury in the United States
V. Health Effects of Mercury and Mercury Compounds
VI. An Ecological Assessment for Anthropogenic Mercury Emissions in the United States
VII. Characterization of Human Health and Wildlife Risks from Mercury Exposure in the


United States
VIII. An Evaluation of Mercury Control Technologies and Costs


This volume (Volume II) estimates mercury emissions from anthropogenic sources and provides
abbreviated process descriptions, control technique options, emission factors, and activity levels for these
sources.  Also, if sufficient information is available, locations by city, county, and state are given for
point sources.


1.1 Overview of Sources


In the CAA, Congress directed U.S. EPA to examine sources of mercury emissions, including
electric utility steam generating units, municipal waste combustion units and other sources, including
area sources.  The U.S. EPA interpreted the phrase "... and other sources..." to mean that a
comprehensive examination of mercury sources should be made and to the extent data were available, air
emissions should be quantified.  This report describes in some detail various source categories that emit
mercury.  In many cases, a particular source category is identified as having the potential to emit
mercury, but data are not available to assign a quantitative estimate of emissions.  The U.S. EPA's intent
was to identify as many sources of mercury emissions to the air as possible and to quantify those
emissions where possible.


The mercury emissions data that are available vary considerably in quantity and quality between
different source types.  Not surprisingly, the best available data are for source categories that U.S. EPA
has examined in the past or is currently studying.


Sources of mercury emissions in the United States are ubiquitous.  To characterize these
emissions, the type of mercury emission is defined as either:


� Natural mercury emissions -- the mobilization or release of geologically bound mercury
by natural processes, with mass transfer of mercury to the atmosphere;
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� Anthropogenic mercury emissions -- the mobilization or release of geologically bound
mercury by human activities, with mass transfer of mercury to the atmosphere; or


� Re-emitted mercury -- the mass transfer of mercury to the atmosphere by biologic and
geologic processes drawing on a pool of mercury that was deposited to the earth's
surface after initial mobilization by either anthropogenic or natural activities.


Anthropogenic mercury emissions can be further divided into area and point sources.  Anthropogenic
area sources of mercury emissions are sources that are typically small and numerous and usually cannot
be readily located geographically.  For the purpose of this report, mobile sources are included in the area
source section.  Point sources are those anthropogenic sources that are associated with a fixed geographic
location.  These point sources are further divided into combustion, manufacturing and miscellaneous
source categories.  Particular types of sources that fall into these various groups are outlined in Table 1-
1.


A prerequisite for developing strategies for reducing mercury concentrations in surface waters,
biota and ambient air is a comprehensive characterization of all sources of mercury releases to the
environment.  A complete characterization would include:  (1) all sources of airborne emissions,
including natural and anthropogenic emissions as well as re-emitted mercury; (2) direct discharges to
surface water and soil; and (3) past commercial and waste disposal practices that have resulted in
mercury contamination in different environmental media.  The focus of this study, however, is only on
air emissions in accordance with section 112(n) of the CAA.  In addition, the current state of knowledge
about airborne emissions does not allow for an accurate assessment of either natural mercury emissions
or re-emitted mercury.  The U.S. EPA recognizes that an assessment of the relative public health and
environmental impact that can be attributed to current anthropogenic emissions is greatly complicated by
releases to other media, natural mercury emissions, and previous emissions of mercury that have
subsequently deposited.  This report provides the basis for a nationwide mercury emission
characterization from anthropogenic sources.  For each source category, the processes yielding mercury
emissions and the emission control measures are described.  The procedures used to estimate nationwide
mercury emissions from each category are also delineated.


1.2 Study Approach and Uncertainties


This report contains mercury emission factors available from the U.S. EPA document Locating
and Estimating Air Emissions from Sources of Mercury and Mercury Compounds (L&E document, U.S.
EPA, 1997a).  Other information sources used include recently published reports, journal articles and
information from trade associations.  Mercury emission rates presented in this report are estimates only. 
To the degree that information is available, the sources of uncertainty in the emission estimates are
discussed (at least qualitatively) as the estimates are discussed throughout the report.


For most source categories, an emission factor-based approach was used to calculate nationwide
emission rate estimates.  This approach requires an emission factor, which is a ratio of the mass of
mercury emitted to a measure of source activity, as well as an estimate of the annual nationwide source
activity level.  Examples of measures of source activity include total heat input for fossil fuel combustion
and total raw material used or product generated for industrial processes.  Activity levels used in this
report were compiled over different time periods and with a variety of survey procedures.  Emission
factors are generated from emission test data, engineering analyses based 
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Table 1-1
Sources of Anthropogenic Mercury Emissions Examined In This Inventory


Area Point


Combustion Manufacturing Miscellaneous


Electric lamp breakage Utility boilers Chlor-alkali production Oil shale retorting


Paint use Commercial/industrial Lime manufacturing Mercury catalysts


Laboratory use Primary mercury production Geothermal power plants


Dental preparations Mercury compounds Municipal waste landfills


Mobile sources combustorsa


Agricultural burning Medical waste incineratorsa


Landfills Sewage sludge incinerators manufacturing


Sludge application Hazardous waste Carbon black productiona


boilers


Residential boilers


Municipal waste production


combustors


Wood-fired boilers


Residential
woodstoves Cement manufacturinga


Crematories Primary lead smelting


a


Battery production


Electrical apparatus


Byproduct coke production


Primary copper smelting


Petroleum refininga


Instrument
manufacturing


Secondary mercury
production


Zinc mininga


Fluorescent lamp recycling


Pulp and paper mills


 Potential anthropogenic sources of mercury for which emissions were not estimated.a
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on mass balance techniques, or transfer of information from comparable sources.  Generally, emission
factors are based on a limited set of test data that may not be representative of the full source population
being studied.  Emission factors used to estimate nationwide emissions reflect "typical control" achieved
by the air pollution control measures applied across the population of sources within a source category. 
The emission factors and control levels used to develop emission estimates contained in this report were
generally taken from the L&E document (U.S. EPA, 1997a).  Emission factors from the L&E document
were not used for estimating emissions from utility boilers, chlor-alkali plants using the mercury cell
process or fluorescent lamp breakage.  Additional test data for utility boilers became available after the
L&E document was published.  More recent information was also available directly from chlor-alkali
plant managers.  A mass balance approach was used for lamp breakage.


The emission factor-based approach does not generate exact nationwide emission estimates. 
Uncertainties are introduced in the emission factors, the estimates of control efficiency and the
nationwide activity level measures.  Ideally, emission factors are based on a substantial quantity of data
from sources that represent the source category population.  For trace pollutants like mercury, however,
emission factors are frequently based on limited data that may not have been collected from
representative sources.  Also, changes in processes or emission measurement techniques over time may
result in biased emission factors.  In particular, analytical methods for detecting mercury have changed,
especially since about 1985.  Emission control estimates are also generally based on limited data; as such
these estimates are imprecise and may be biased.  Control efficiencies based on data collected using
older test methods may be biased because the older test methods tended to collect mercury vapor
inefficiently.  (Currently, U.S. EPA Method 301 from 40 CFR Part 63, Appendix A can be used to
validate the equivalency of new methods.)  Finally, activity levels used in this study were based on the
most recent information that was readily available.  The sources of data used vary in reliability, adding
further uncertainty to the emission estimates.


Generally, quantitative estimates of the uncertainty in the emission factors, control efficiency
estimates and activity level measures are not available; these uncertainties are discussed qualitatively. 
Potential biases in the final emission estimates are also discussed.  Table 1-2 presents source categories
for which U.S. EPA had sufficient data to estimate national emissions.  Table 1-3 presents source
categories for which information is insufficient to estimate national emissions.


1.3 Organization of the Rest of the Document


The remainder of this volume consists of seven chapters and three appendices.  Chapter 2
discusses trends in the environmental mercury burden and in the industrial consumption of mercury. 
Chapter 3 characterizes mercury emissions from area sources such as engines, light bulbs and dental
preparations.  It describes the emitting process and presents the basis for the emission estimates.  Chapter
4 provides a summary of emission estimates from point sources, including combustion, manufacturing
and miscellaneous sources.  Chapter 5 summarizes mercury emission estimates from area and point
sources; Chapter 6 presents overall conclusions; Chapter 7 identifies further research needs; and all of
the references used are listed in Chapter 8.  Appendix A contains information on activity levels, source
locations and emissions from some source categories.  Appendix B presents available data on the
mercury removal efficiencies of particulate matter and acid gas controls for utilities.  Finally, Appendix
C presents emission factors used to estimate emissions from utility boilers.
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Table 1-2
Anthropogenic Mercury Sources With Sufficient


Data to Estimate National Emissions


Area Point


Combustion Manufacturing Miscellaneous


Electric lamp breakage Utility Boilers Chlor-alkali production Geothermal power
plants


Laboratory use Commercial/industrial Cement manufacturing
boilers


Dental preparation Residential boilers Battery production


Landfills Municipal waste Electric apparatus
combustors manufacturing


Medical waste Instrument manufacturing
incinerators


Sewage sludge Secondary mercury
incinerators production


Wood-fired boilers Carbon black production


Hazardous waste Primary lead smelting
combustors


Crematories Primary copper smelting


Lime manufacturing


Fluorescent lamp recycling


Pulp and paper mills
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Table 1-3
Mercury Sources With Insufficient Information to Estimate National Emissions


Natural Anthropogenic


Area Point


Combustion Manufacturing Miscellaneous


Oceans and Mobile sources Residential Primary mercury Oil shale retorting
other natural woodstoves production
waters Paint use Mercury catalysts


Vegetation Agricultural production Pigment production


Volcanoes Petroleum refining Explosives


Rocks application Zinc mining


Soils


Wildfires


a


burning


Sludge manufacturing


a


Mercury compounds


a


a


a


a


Turf productsa


 Mercury is no longer used in U.S. manufacture.  However, this is not meant to imply that these previous activities are no longera


having an impact on the environment due to mercury's persistence in the environment.
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2. TRENDS IN MERCURY CONSUMPTION


The mercury available for use in the U.S. comes from five main sources:  (1) primary production
(mining); (2) by-product production (i.e., mercury by-product from gold mining operations); (3)
secondary production (recovery) from industrial recycling operations; (4) sales from excess government
stocks, including those held by the Department of Energy (DOE) and the Defense Logistics Agency
(DLA) within the Department of Defense; and (5) imports.  Table 2-1 illustrates the relative
contributions of these sources to the U.S. mercury supply from 1988 through 1996.  The table also shows
the total industrial demand or consumption levels for that same period.


Figure 2-1 plots mercury supply and demand levels since 1955.  Supplies associated with by-
product production are not shown in this figure because data for this category are not available prior to
1990.  Similarly, DLA sales are not presented in Figure 2-1 because data for such sales are not available
prior to 1982.


These data show a general decline in domestic mercury use since demand peaked in 1964. 
Domestic demand fell by 74 percent between 1980 and 1993, and by more than 75 percent between 1988
and 1996.  The rate of decline, however, has slowed since 1990.  Further evidence of the declining need
for mercury in the U.S. is provided by the general decline in imports since 1988 and the fact that exports
have exceeded imports since at least 1989.  Federal mercury sales steadily increased from 1988 to 1993,
reaching a peak of 97 percent of the domestic demand.  However, in July 1994, DLA suspended future
sales of mercury from the Department of Defense stockpile until the environmental implications of these
sales are addressed.  In addition, in past years, DLA sold mercury accumulated and held by the
Department of Energy, which is also considered excess to government needs.  DLA suspended these
mercury sales in July 1993 for an indefinite period in order to concentrate on selling material from its
own mercury stockpile (Ross & Associates, 1994). These suspensions caused federal sales to rapidly
decrease to 18 percent in 1994 and to zero since 1995 (Plachy, 1997).


In general, these data suggest that industrial manufacturers that use mercury are shifting away
from mercury except for uses for which mercury is considered essential.  This shift is believed to be
largely the result of federal bans on mercury additives in paint and pesticides; industry efforts to reduce
mercury in batteries; increasing state regulation of mercury emissions sources and mercury in products;
and state-mandated recycling programs.  A number of federal activities are also underway to investigate
pollution prevention measures and control techniques for a number of sources categories (see Volume
VIII of this Report to Congress).
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Table 2-1
U.S. Mercury:  Supply, Demand, Imports, Exports


(Mg)


Category 1988 1989 1990 1991 1992 1993 1994 1995 1996


Supply:


Mine production 379 414 448 0 0 0 0 0 0a


By-product production W W 114 58 64 W W W Wb c


Industrial recovery 278 137 108 165 176 350 466 534 446


DLA sales 52 170 52 103 267 543 86 0 0


DOE sales 214 180 193 215 103 0 0 0 0


Subtotal: federal sales 266 350 245 318 370 543 86 0 0


Imports 329 131 15 56 92 40 129 377 340


Total supply 1,252 1,032 930 597 702 933 681 911 786


Federal sales as % of 21.2% 33.9% 26.3% 53.3% 52.7% 58.2% 12.6% 0.0% 0.0%
total supply


Demand: 1,503 1,212 720 554 621 558 483 436 372


Federal sales as % of 17.6% 28.9% 34% 57.4% 59.6% 97.3% 17.8% 0.0% 0.0%
domestic demand


Imports: 329 131 15 56 92 40 129 377 340


Exports: N/A 221 311 786 977 389 316 179 45d


Exports minus
imports:


N/A 90 296 730 885 349 187 -198 -295


Source:  Plachy, 1997.
 Mercury production from McDermitt mine; closed November 1990.a


 Mercury by-product from nine gold mining firms.b


 Withheld for proprietary reasons.c


 Not available.d
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3. ANTHROPOGENIC AREA SOURCES OF MERCURY EMISSIONS


Area sources account for approximately 2.2 percent of mercury emissions from anthropogenic
sources.  Table 3-1 summarizes the estimated annual quantities of mercury emitted from area sources. 
Each of these source categories is discussed in turn in the sections that follow.


3.1 Electric Lamp Breakage


Electric lamps containing mercury include fluorescent, mercury vapor, metal halide and high-
pressure sodium lamps.  More than half a billion mercury-containing lamps are produced each year
(O’Connell, 1997).  These lamps are used for both indoor and outdoor applications including heat lamps,
lights for high-ceiling rooms, film projection, photography, dental exams, photochemistry, water
purification and street lighting.  When these electric lamps are broken during use or disposal, a portion of
the mercury contained in them is emitted to the atmosphere. The amount of mercury emitted to the
atmosphere when mercury-containing lamps are disposed of will be a function of many factors.  These
include the chemical form of mercury in the lamp and the size of the particulate forms of mercury in the
lamp powder.  Approximately 643 Mg of mercury were discarded in U.S. municipal solid waste (MSW)
in 1989.  The amount of mercury entering the MSW system from the disposal of used mercury-
containing lamps in 1989 is estimated to have been 24.3 Mg (26.8 tons), or 3.8 percent of the total
mercury content of MSW (Truesdale et al., 1993).


Mercury emissions due to lamp breakage are expected to decrease in the future for a number of
reasons.  One reason is that states are beginning to view recycling as a viable option to decrease mercury
emissions.  There is presently a bill in Massachusetts that would require every manufacturer of mercury-
containing products that may be sold or offered for sale to ensure that proper recycling of these products
occurs by funding a collection system.  In addition, there have been technological advancements in the
manufacture of fluorescent lamps.  Philips Lighting has devised a method to produce fluorescent lamps
with low-mercury technology which contain less than 10 mg of mercury per lamp.  The company has
pledged that 80 percent of all its lamps sold in the United States will feature this technology by the end
of 1997 (O’Connell, 1997).  The combination of increased regulation and advanced technology are
expected to have a significant impact on the amount of mercury that enters the MSW due to lamp
breakage.


Since the mid-1980s, electrical manufacturers have reduced the average amount of mercury in
each fluorescent bulb from an average of 48.2 mg to an average of 22.8 mg of mercury.  A certain
amount of mercury is needed, however, in order to maintain desirable properties.  The present practical
limit needed for full-rated life performance of a 4-foot fluorescent lamp has been thought to be about 15
mg of mercury (National Electrical Manufacturers Association, 1995).  However, as noted above, Philips
Lighting recently announced that it will be manufacturing four-foot lamps with less than 10 mg of
mercury by late 1995 (Walitsky, 1995).  Table 3-2 presents the estimated mercury content of fluorescent
bulbs, as provided in four different sources.


The average lifetime of a High Intensity Discharge (HID) lamp is between 10,000 and 24,000
hours.  (Some small volume specialty products have lifetimes less than 10,000 hours or greater than
24,000 hours.)  HID lamps last three to six years in typical applications.  Low-pressure fluorescent lights
typically have a rated lifetime of 20,000 hours (Truesdale et al., 1993).


Approximately 550 million lamps containing mercury are sold annually in the United States
(National Electrical Manufacturers Association, 1992).  Of these, 22 million are of the HID variety; the
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Table 3-1
Best Point Estimates of Mercury Emissions from Anthropogenic Area Sources:  1994-1995


Source Data Uncertainty Basis for Emissions EstimateMg/yr Tons/yr % of total


Emissions
Date of Degree of


a b


Electric lamp breakage 1.4 1.5 1.0 1989/1989 High Industry estimate for this source category is
0.18 tons/year; this difference is explained in
Section 3.1


Laboratory use 1.0 1.1 0.7 1973/1994 High Engineering judgment


Dental preparations 0.6 0.7 0.4 1981/1995 High Engineering judgment


Landfills 0.07 0.08 0.1 1996/1995 High Test data


Mobile sources - - - - - Insufficient information to estimate
emissions


Paints use - - - - - Mercury phased out of paint use in 1991


Agricultural burning - - - - - Insufficient information to estimate national
emissions; one study estimates 0.036 Mg/yr
(0.04 tons/yr) from preharvest burning of
sugarcane in Florida everglades area


Total 3.1 3.4 2.2


 Date that data emission factor is based on/Date of activity factor used to estimate emissions.a


 A "medium" degree of uncertainty means the emission estimate is believed to be accurate within + 25 percent.  A "high" degree of uncertainty means the emission estimate is believed to be accurate within + 50 percent.b
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Table 3-2
Mercury Content of Fluorescent Bulbsa


Average Mercury Content (mg) per Bulb


Year NEMA CWF 3M


1970-1984 75


1985-1989 48.2 55


1990 41.6


1992 40 15-30


1995 22.8b


 Cole et al., 1992; National Electrical Manufacturers Association, 1992; Tanner, 1992; National Electrical Manufacturersa


Association, 1995.
 Philips Lighting has devised a method to produce fluorescent lamps with low-mercury technology which contain lessb


than 10 mg of mercury per lamp.


Table 3-3
Mercury (HID) Lamp Production - 1970 to 1989a


Year Quantity  (1000 bulbs) Year Quantity  (1000 bulbs)b b


1970 6,841 1982 20,891


1971 7,684 1983 22,146


1972 8,420 1984 25,636


1973 9,349 1985 25,529


1974 9,158 1986 22,206


1975 8,737 1987 28,143


1976 10,383 1988 24,479


1977 10,853 1989 28,090


1978 12,175


1979 13,532


1980 30,187


1981 21,397


 Cole et al., 1992; U.S. EPA, 1992a.a


 Production rate = Domestic shipments - Exports + Imports.b
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remaining 528 million are fluorescent bulbs.  Table 3-3 contains production rates from 1970 through
1989 including exports and imports.  Since 1970, there has been an increase in the production of HID
lamps (U.S. EPA, 1992a).  Table 3-4 presents the mercury content of HID lamps and their
manufacturers.


Mercury and metal halide lamps consist of an inner quartz arc tube enclosed in an outer envelope
of heat resistant glass.  The quartz arc tube contains a small amount of mercury ranging from 20 mg in a
75-watt lamp up to 250 mg in a 1000 watt lamp.  According to the National Electrical Manufacturers
Association, no other substance has been found to replace mercury.  High-pressure sodium lamps consist
of an inner, high-purity alumina ceramic tube enclosed in an outer envelope of heat-resistant glass.  The
ceramic tube contains a small amount of sodium/mercury amalgam, ranging from 8.3 mg of mercury in a
50-watt lamp up to 25 mg in a 1000-watt lamp (National Electrical Manufacturers Association, 1992).


Table 3-4
Mercury Content of HID Lamps a


Manufacturer Type Mercury Content (mg)


Philips 250 watt HID 45


400 watt HID 60


1000 watt HID 70


Sylvania 250 watt HID 46


400 watt HID 75


1000 watt HID 75


 Cole et al., 1992; U.S. EPA, 1992a.a


The fate of used lamps is tied to the disposal of MSW.  The three primary options for MSW
disposal are land filling, combustion and recycling.  Land filling accounts for 82 percent of MSW
disposal, incineration accounts for 16 percent and recycling accounts for 2 percent.  One study traced the
path of used lamps in MSW to each of the primary disposal options.  Figure 3-1 diagrams the flow of
used mercury-containing lamps through the national MSW management system. 


On July 27, 1994, the US EPA published a proposed rule addressing the management of spent
mercury-containing lamps (59 FR 39288).  In the proposal, the Agency presented two options for
changing the regulations governing spent mercury-containing lamps: 1) to add mercury-containing lamps
to the universal waste regulations, which would require special handling procedures to minimize lamp
breakage and disposal at designated sites (subject to RCRA hazardous waste regulations), or 2) to
conditionally exempt mercury-containing lamps from regulation as hazardous waste and require disposal
at EPA-permitted municipal solid waste landfills or a registered mercury reclamation facility, and record
keeping by generators.
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* It should be noted that some lamps in the municipal waste stream may go to subtitle C (hazardous waste) management.
This portion is not followed here and would be included in this Subtitle D waste stream.


Reference: Adapted from Truesdale et al., 1993.
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EPA’s Office of Solid Waste modeled anticipated mercury emissions under these options, taking
into account any potential differences in lamps purchased by commercial establishments or changes in
utility power usage (including mercury emitted from utility power plants).  EPA found that under either
option, the contribution of mercury emissions from landfills would be minimal.  This is largely because,
based on model data, most lamps are broken before being land filled.  Secondly, the Agency believes the
mix of lamp types purchased by commercial establishments would be independent of the option chosen. 
Taken collectively, these observations suggest that, to reduce lamp mercury emissions under either
option, procedures should be established that minimize emissions during transport and/or processing
(e.g., crushing) of spent lamps (U.S. EPA, 1997b).


 Ninety-eight percent of used lamps are managed as MSW under Subtitle D (the solid, non-
hazardous waste program) of the Resource Conservation and Recovery Act (RCRA), with the remaining
2 percent being recycled.  Mercury emissions from lamp breakage occur during transportation and
storage of lamps.  A total of 1.4 Mg/yr (1.5 tons/yr) is estimated to be emitted during transport and
storage (Truesdale et al., 1993), as explained below.  Additional mercury 
emissions from electric lamps are associated with MSW incineration, lamp recycling activities and
landfills.  Mercury emissions from MSW incineration are accounted for in Section 4.1.  Lamp recycling
activities are discussed in Section 4.2.7.  An estimate of mercury emissions from landfills is found in
Section 3.7.


Discarded lamps may be transported in two ways:  in garbage trucks as household or commercial
trash and in closed vans or trailers as part of a bulk re-lamping program.  Of the 98 percent of mercury
from lamps in the MSW stream, 80 percent is transported in garbage trucks along with other solid waste
and 20 percent is transported in group re-lamping trucks holding lamps alone.  Emissions from both
transport mechanisms were estimated using the waste pile mass transfer model developed for the RCRA
air emissions standards.


For transportation in a garbage truck, it was assumed that all lamps are broken in the truck and
that all of the mercury vapor is emitted to the atmosphere.  The mercury concentration in the lamps was
assumed to be 0.14 ppm.  For relamping programs, the discarded lamps are packed in the corrugated
containers from which the new lamps were taken and are then loaded into enclosed vans or trailers for
removal.  In this case, fewer lamps are broken; a 10 percent breakage was assumed (Truesdale et al.,
1993).


The modeling exercise predicted that approximately 6 percent of the mercury being transported
by garbage trucks and from group re-lamping is emitted to the atmosphere.  This amounts to 1.4 Mg/year
(1.5 tons/year).


Mercury emissions from transporting and storing lamps sent to recycling plants were also
estimated using the waste pile emission model.  Emissions were based on a 30-day storage time and an
average of 5 percent breakage for the transport and storage steps.  Emissions from storage facilities were
estimated to comprise about 90 percent of the recycling transport and storage emissions, amounting to
approximately 0.008 Mg.  Total mercury emissions from transport and storage of waste lamps is
estimated to be 0.01 Mg, or 0.04 percent of the mercury from lamps entering the MSW (Truesdale et al.,
1993) or 1.4 Mg/year (1.5 tons/year) total from lamp breakage during transport and storage.


The industry estimate of mercury emissions from discarded fluorescent lamps is 0.16 Mg/year
(0.18 tons/year) (National Electrical Manufacturers Association, 1995).  The industry estimate assumes
that most lamps are land filled within a couple of days after their disposal and are covered with 0.5 to 1
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foot of soil at that time.  Simulating this land filling practice and measuring the amount of mercury
released led to an estimated mercury evaporation rate of 0.8 percent after 20 days when the lamps were
covered by 0.5 feet of soil, and 0.2 percent after 20 days when the lamps were covered by 1 foot of soil
(rather than the 6.6 percent estimated in Truesdale et al., 1993, which is the basis for U.S. EPA's
estimate).  The 0.8 percent evaporation rate was used to calculate the annual rate of 0.16 Mg/year (0.18
tons/year).  The National Electrical Manufacturers Association study also measured the maximum
mercury evaporation rate from a broken lamp to be 6.35 percent after 50 days.  However, as explained
above, the industry calculation of national emissions assumes that all discarded lamps are covered by soil
within a couple of days of being discarded.


3.2 General Laboratory Use


Mercury is used in laboratories in instruments, as a reagent, and as a catalyst.  In 1994, an
estimated 1.0 Mg (1.1 tons) of mercury were emitted into the atmosphere from general laboratory use. 
An emission factor of 40 kg of mercury emitted for each megagram of mercury used in laboratories was
estimated in a 1973 report (Anderson, 1973).  Because this emission factor was based on engineering
judgment and not on actual test data, and because it is dated, the reliability of this emission factor is
questionable.  From 1990 to 1992, there was a decline in mercury consumption in general laboratory use,
with consumption dropping from 32 Mg (35 tons) in 1990 to 18 Mg (20 tons) in 1992 (Bureau of Mines,
1992).  However, the trend most recently has been slightly increasing consumption, with 24 Mg (26 tons)
in 1994 (Plachy, 1996)  The annual emission estimate is the product of this consumption rate and the
emission factor noted above.  The limitations of that emission factor make the emission estimate
uncertain.


3.3 Dental Preparation and Use


Mercury is used in the dental industry, primarily in amalgam fillings for teeth, although it may
also be used in other dental equipment and supplies.  In 1995, an estimated 0.64 Mg (0.7 ton) of mercury
was emitted from dental preparation and use.  This is an underestimate because it is derived using an
emission factor that applies only to emissions of mercury from spills and scrap during dental preparation
and use (2 percent of mercury used is emitted into the atmosphere) (Perwak, 1981).  The total amount of
mercury used in the dental industry is 31 Mg (34 tons) and includes mercury used in all dental equipment
and supplies, not just the amount used in dental preparation and use (Plachy, 1997).  Mercury air
emissions not accounted for in dental preparation and use are most likely accounted for in the emission
estimates for municipal waste combustors, medical waste incinerators, and crematories.  Mercury
discharges from dental offices to publicly owned sewage treatment facilities are also known to occur but
are not addressed in this report.


3.4 Municipal Solid Waste Landfills


As discussed throughout this volume, a variety of mercury-containing wastes are disposed in
non-hazardous (municipal and industrial) and hazardous waste landfills.  These landfills can serve as
broad sources of airborne emissions of mercury as the disposed materials are broken or degraded, not
only while the landfill is actively receiving and disposing of wastes but also after the land filling stops
and waste materials are covered with soil.  
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Municipal solid waste (MSW) landfills are landfills used primarily for the disposal of non-
hazardous household wastes.  Mercury is emitted from MSW landfills as a trace constituent of landfill
gas, which may be produced through anaerobic decomposition of waste.  Measurement data of mercury
emissions were obtained for selected landfills that range from 7.0 x 10  ppm to 2.5 x 10  ppm ESCOR,-7 -3


Inc., 1982; Myers, 1996).  From these measurements, EPA has calculated an average mercury
concentration in landfill gas to be 2.9 x 10  ppm.  By combining this value with the 1994 estimate of-4


total landfill gas emitted of 10.2 million Mg (11.2 million tons) (EPA, 1995c), total 1994 emissions of
mercury from MSW landfills have been estimated to be 0.074 Mg (0.081 tons).  Note that this figure
does not include emissions from industrial and hazardous waste landfills.


3.5 Mobile Sources


Mobile sources are defined in this report as diesel- and gasoline-powered, on-road, light-duty
vehicles.  Of these types, gasoline-powered vehicles make up the most significant mobile emission
sources.  A 1983 study indicated an estimated mercury emission factor of 1.3 x 10  milligram per-3


kilometer (mg/km) (4.6 x 10  pound per mile [lb/mile]) traveled for tail-pipe emissions from motor-9


vehicles (Pierson and Brachaczek, 1983).  These data were for particulate mercury emissions derived
from neutron activation analysis of particulate filters.  The population of vehicles studied was
81.9 percent gasoline-powered passenger cars, 2.4 percent gasoline-powered trucks and 15.7 percent
diesel trucks.  The data are of questionable reliability for the current vehicle population because this
emission factor is based on a 1977 ambient sampling study, which predated the broad use of catalytic
converters and unleaded gasoline, widely mandated `State-regulated inspection and maintenance
programs and diesel-powered vehicle emission control requirements.  It is unknown what effect these
measures might have on mercury emissions.


A 1979 study characterized regulated and unregulated exhaust emissions from catalyst and non-
catalyst equipped light-duty gasoline-powered automobiles operating under malfunction conditions
(Urban and Garbe, 1979).  An analysis for mercury was included in the study, but no mercury was
detected in tail-pipe emissions.  The analytical minimum detection limit was not stated.  A 1989 study
measured the exhaust emission rates of selected toxic substances for two late model gasoline-powered
passenger cars (Warner-Selph and DeVita, 1989).  The two vehicles were operated over the Federal Test
Procedure (FTP), the Highway Fuel Economy Test (HFET) and the New York City Cycle (NYCC). 
Mercury was among the group of metals analyzed but was not present in detectable quantities.  The
analytical minimum detection limits for mercury in the three test procedures were the following:  FTP
0.025 mg/km (8.9 x 10  lb/mile) HFET 0.019 mg/km (6.7 x 10  lb/mile) and NYCC 0.15 mg/km (53.2 x-8 -8


10  lb/mile) (Warner-Selph and Lapp, 1993).  These minimum detection limits are more than ten times-8


higher than the estimated emission factor presented in the 1983 study.


Given the uncertainties associated with these data, tail-pipe mercury emissions from mobile
sources were not calculated.  The U.S. EPA also recognizes that various components of motor vehicles
may contain mercury (e.g., certain truck and hood light switches, used motor oil, certain headlights and
remote controls).  Mercury emissions from the disposal or breakage of these components were not
estimated in this study.  The potential for mercury emissions from other types of mobile sources,
including ships, were not assessed in this study.


3.6 Paint Use


Four mercury compounds -- phenylmercuric acetate, 3-(chloromethoxy) propyl mercuric acetate,
di(phenyl mercury) dodecenylsuccinate, and phenylmercuric oleate -- have been registered as biocides
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for  interior and exterior paint (U.S. EPA, 1990).  Mercury compounds are added to paints to preserve the
paint in the can by controlling microbial growth.  Prior to 1991, much larger amounts of mercury were
added to preserve the paint film from mildew after paint was applied to a surface.  During and after
application of paint, these mercury compounds can be emitted into the atmosphere.  As of May 1991, all
registrations for mercury biocides used in paints were voluntarily canceled by the registrants, thus
causing a drastic decrease in the use of mercury in paint (Agocs et al., 1990).  In addition to the paint
industry reformulating its paints to eliminate mercury, U.S. EPA banned the use of mercury in interior
paint in 1990 and in exterior paint in 1991.  The paint industry's demand for mercury in 1989 was
192 Mg (211 tons) but fell to 6 Mg (7 tons) in 1991, and had been completely eliminated in 1992
(Bureau of Mines, 1992).


Because Bureau of Mines data show no mercury usage in paint in 1992, emissions from this
source were assumed to be zero.  This presumes that all mercury emissions are generated from paint
application the year the paint was produced.  The U.S. EPA recognizes that current stocks of paint that
are still being sold may include paint that contains mercury.  Data were unavailable to estimate potential
mercury emissions from this existing paint supply.


Prior to 1992, latex paints contributed significantly to atmospheric emissions.  A 1975 study,
performed when the demand for mercury in paint was high, estimated that 66 percent of the mercury
used in paints was emitted into the atmosphere (Van Horn, 1975).  Limited information suggests that
emissions could occur for as long as seven years after initial application of paint to a surface, although
the distribution of emissions over this time period is unknown (U.S. EPA, 1992a).  Even so, this source
category is a good example of past industrial uses and releases of mercury to the environment. 
Assuming the estimate is correct that 66 percent of the mercury in paint is emitted, as recently as 1989 as
many as 140 tons of mercury were emitted from paint application alone in one year.  Whether current
levels of mercury in the environment are more likely the result of historical emissions like these or are
attributable to current anthropogenic sources is still being debated.


3.7 Agricultural Burning


Mercury contamination of freshwater fish in the Florida Everglades has led to the investigation
of possible mercury sources in south Florida.  The preharvest burning of sugarcane has been proposed as
a potential source of mercury to this area.  One study estimated the atmospheric loading of mercury from
burning sugarcane stalks and leaves and muck soils (Patrick, et al., 1994).  An emission factor of 0.0002
kg mercury per hectare of burned crop was calculated.  This resulted in 0.036 Mg (0.04 tons) of mercury
emitted to the atmosphere from the preharvest burning of 174,00 acres of the Everglades Agricultural
Area sugarcane crop.


Other types of agricultural burning may also contribute to mercury emissions, for example land-
clearing activities.  For this report, a national estimate of mercury emissions from sugarcane burning or
other agricultural activities was not calculated because of the limited emissions data and a lack of data on
the magnitude and frequency of these activities.  The above study is presented to illustrate the potential
magnitude of mercury from these activities in one area of the country.
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3.8 Other Area Sources


Sludge application is another recognized area source of airborne emissions of mercury.  This
includes the agricultural and lawn application of municipal sewage sludge, which contains a number of
nutrients beneficial to plants, as well as the land application of municipal and industrial sludges as a
disposal method.  Insufficient data were available to estimate national emissions of mercury from this
activity.
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Table 4-1
Best Point Estimates of Annual Mercury Emissions from Combustion, Manufacturing and


Miscellaneous Point Sources:  1994-1995


Source


Emissions


Mg/yr Tons/yr


Combustion 125.3 137.7


Manufacturing 14.4 15.6


Miscellaneous 1.3 1.4


4. ANTHROPOGENIC POINT SOURCES OF MERCURY EMISSIONS


A point source is a stationary location or fixed facility from which pollutants are discharged or
emitted.  Point sources account for approximately 98 percent of mercury emissions from anthropogenic
sources.  Table 4-1 presents the estimated aggregate mercury emissions from combustion, manufacturing
and miscellaneous point sources.  The sections that follow discuss the basis for the point source estimates
for each source category within these three groups.


4.1 Combustion Sources


Combustion sources include utility boilers, medical waste incinerators, municipal waste
combustors, commercial/industrial boilers, hazardous waste combustors, residential boilers, wood
combustion, sewage sludge incinerators and crematories.  Mercury emissions from these sources
(excluding wood-fired residential heaters) account for an estimated 125 Mg/yr (138 tons/yr) or 87
percent of the mercury emissions generated annually in the United States.  These types of combustion
units are commonly found throughout the country and are not concentrated in any one geographic region. 
Information concerning emissions, fossil fuel consumption on a per-State basis and location is presented
in Appendix A. 


Mercury exists naturally as a trace element in fossil fuels and can also be found in wastes.  It is a
highly volatile metal that vaporizes at the temperatures reached during the combustion zones of the
processes discussed here.  Consequently, mercury is emitted as a trace contaminant in the gas exhaust
stream when waste materials containing mercury or fuels such as coal, oil, or wood are fired.


This section provides background information on each of the combustion sources and discusses
the methodology used to estimate mercury and mercury compound emissions from the following: 
(1) utility boilers, (2) municipal waste combustors (MWCs), (3) commercial/industrial boilers,
(4) medical waste incinerators (MWIs), (5) hazardous waste combustors, (6) residential boilers, (7)
sewage sludge incinerators (SSIs), (8) wood combustors, and (9) crematories.  For each of these source
types, processes and control measures currently in place are discussed, along with emission estimates and
the bases for those estimates.  When a high degree of uncertainty within specific data is known, it 
is noted.  Table 4-2 presents the estimated emissions from each source category.
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Table 4-2
Best Point Estimates of Mercury Emissions from Anthropogenic Combustion Point Sources:  1994-1995


Emissions


Date of Data Uncertainty Basis for Emissions EstimateSource Mg/yr Tons/yr % of total a
Degree of


b


Utility boilers 47.2 51.8 32.8 1990/1994 Medium Test data; industry (Electric Power Research
  - coal (46.9) (51.6) Institute) estimates are 44 tons/year for coal-
  - oil (0.2) (0.2) fired utilities
  - natural gas (0.002) (0.002)


c


Municipal waste combustors 26.9 29.6 18.7 1986-92/1991 Medium Test datae


Commercial/Industrial boilers 25.8 28.4 17.9 /1994 High Mass balance; emissions may be overstated
  - coal (18.8) (20.7) because emission factor assumes no control
  - oil (7.0) (7.7)


d


Medical waste incinerators 14.6 16.0 10.1 1996/1996 Medium Test datae


Hazardous waste combustors 6.4 7.1 4.4 1996/1996 Medium Test data


Residential boilers 3.3 3.6 2.3 /1994 High Mass balance; emissions may be overstated
  - coal (0.4) (0.5) because emission factor assumes no control
  - oil (2.9) (3.2)


d


Sewage sludge incinerators 0.9 1.0 0.6 1995/1996 High Test data


Wood-fired boilers 0.2 0.2 0.1 1984-92/1980 Medium Test dataf


Crematories 0.0005 0.0006 0.0 1992/1995 High Engineering judgment (One emissions test)


Total 125.2 137.9 86.9


 Date that data emission factor is based on/date of activity factor used to estimate emissions.a


 A "medium" degree of uncertainty means the emission estimate is believed to be accurate within + 25 percent.  A "high" degree of uncertainty means the emission estimate is believed to be accurateb


within + 50 percent.
 Parentheses denote subtotal within a larger point source category.c


 Date of data used to develop emission factor was not determined.d


 EPA has finalized emissions guidelines for these source categories which will reduce mercury emissions by at least an additional 90 percent over 1995 levels. e


 Does not include residential wood combustion emissions.f
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 4.1.1 Utility Boilers


Utility boilers are large boilers used by public and private utilities to generate electricity.  Such
boilers can be fired by coal, oil, natural gas, or some combination of these fuels (U.S. EPA, 1993a). 
Figures 4-1 and 4-2 show the locations of operating coal-fired and oil-fired utility boilers across the
United States, respectively.


In 1994, utility boilers consumed fossil fuel at an annual level of 20 x 10  megajoules (MJ)12


(21 x 10  British thermal units [Btu]).  About 81 percent of this total energy consumption resulted from15


coal combustion, 4 percent from oil and petroleum fuels and 15 percent from natural gas consumption
(U.S. Department of Energy, 1996).  In terms of coal usage, the majority of total nationwide coal
combustion (about 86 percent) is in utility boilers.  Almost all of the coal burned in the U.S. is
bituminous and subbituminous (95 percent) while only 4 percent is lignite (Brooks, 1989).  The
combustion processes used for these different coals are comparable.  The most common liquid fuel used
by utility boilers is fuel oil derived from crude petroleum.  Fuel oils are classified as either distillate or
residual.


4.1.1.1  Description of the Different Utility Boiler Types


Because there is no evidence to show that mercury emissions are affected by boiler type, this
section presents only a brief discussion of different boiler types and combustion techniques.  More
information on boiler types may be found in the Air Pollution Engineering Manual, AP-42, Steam:  Its
Generation and Use, and the L&E document (Buonicore and Davis, 1992; U.S. EPA, 1988a; Babcock
and Wilcox, 1975; U.S. EPA, 1997a).


Although several options are available for each component of a utility operation, the overall
process for coal-fired utility boilers is straightforward.  Coal is received at the plant, typically by rail or
barge, unloaded and transferred to storage piles or silos.  From storage, the coal is subjected to
mechanical sizing operations and then charged to the boiler.  Coal-fired boilers are typically suspension-
fired pulverized coal or cyclone systems.  The other major process component is the ash-handling system
for the bottom ash and the fly ash that is collected in the air pollution control system (U.S. EPA, 1988a).


Oil-fired utility boilers are even simpler and have less variation in design than do the coal-fired
systems.  Oil is received by barge, rail, truck, or pipeline and transferred to storage tanks.  From there the
oil is fired to the boiler system.  The main components of the system are the burner and the furnace.  The
primary difference in systems that fire distillate and residual oils is the presence of an oil preheater in
residual systems (U.S. EPA, 1988a; Buonicore and Davis, 1992).
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4.1.1.2 Effectiveness of Particulate Matter and Acid Gas Air Pollution Controls for Mercury


Although small quantities of mercury may be emitted as fugitive particulate matter (PM) from
coal storage and handling, the primary source of mercury from both coal and combustion in utility
boilers is the combustion stack.  Because the combustion zone in boilers operates at temperatures above
1100�C (2000�F), mercury in the coal and oil is vaporized and exhausted as a gas.  Some of the gas may
cool and condense as it passes through the boiler and the air pollution control device (APCD).  The
primary types of control devices used for coal-fired utility boilers include electrostatic precipitators
(ESPs); wet scrubbers; fabric filters or baghouses (FFs), which are typically used as a component of a
dry flue gas desulfurization system (FGDs); and mechanical collectors.  Mercury control efficiencies for
each of the control devices are presented in Figure 4-3.  The test data used to calculate the removal
efficiencies described below are shown in more detail in Appendix B.


ESPs are the most widely used control device by the fossil fuel-fired electric utility industry. 
Because mercury in electric utility flue gas is predominantly in the vapor phase (Clarke and Sloss, 1992),
with only about 5 to 15 percent in the fly ash (Noblett et al., 1993), ESPs are relatively ineffective at
removing mercury compounds from flue gases.  Cold-side ESPs, located after the air preheater have a
median mercury removal efficiency of 14.7 percent for coal-fired units, with actual test data ranging
from no control (zero percent removed) to 82.4 percent removal (Interpoll Laboratories, 1992a; Interpoll
Laboratories, 1992b; Interpoll Laboratories, 1992c; Radian Corporation, 1993a; Interpoll Laboratories,
1992d; Interpoll Laboratories, 1992e; Radian Corp., 1992a; Radian Corp., 1993a; Radian Corp., 1993b;
Radian Corp., 1993e; Radian Corp., 1994a; Battelle, 1993a; Battelle, 1993c; EPRI, 1993a; EPRI, 1993b;
EERC, 1993; Weston, 1993b; and Southern Research Institute, 1995a).  Cold-side ESPs were found to
have a median mercury removal efficiency of about 62.4 percent in two tests of oil-fired units, with a
range from 41.7 to 83 percent removal (Carnot, 1994b; Carnot, 1994c).  Data from one emission test for
a hot-side ESP, located before the air preheater, indicated no mercury control on a coal-fired unit
(Southern Research Institute, 1993b).


Scrubbers or FGD units for coal-fired plants are generally used as devices for removal of acid
gases (mainly SO  emissions).  Most utility boilers have an ESP or a FF before the wet FGD units to2


collect the majority of PM.  FGD units have a median mercury removal efficiency of about 22.6 percent,
with a range from 0 percent to 61.7 percent removal (Interpoll Laboratories, 1991; Interpoll Laboratories,
1990a; Radian Corp, 1993a; Radian Corp, 1993b; Radian Corp, 1994b; Radian Corp, 1994c; Radian
Corp, 1994d; EPRI, 1993a, Battelle, 1993a).  One emission test across an ESP/wet-FGD (spray-tower
absorber) system showed a mercury removal efficiency of 82 percent (Radian Corporation, 1993b).


A spray dryer adsorber (SDA) is a dry scrubbing system followed by a particulate control device. 
A lime/water slurry is sprayed into the flue gas stream and the resulting dried solids are collected by an
ESP or a FF.  Tests conducted on a SDA/FF system had a median mercury removal efficiency of
24 percent, with a range from 0 percent to 55 percent removal (Radian 1993c; Southern Research
Institute, 1993a; Interpoll Laboratories, 1991; Interpoll Laboratories, 1990b).
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Figure 4-3
Comparison of Mercury Efficiencies Without Activated Carbon Injection
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Fabric filters are more effective than ESPs at collecting fine particles.  This performance may be
important in achieving better mercury removal.  Also, the mercury may adsorb onto the fly ash cake that
is collected on the fabric and allow more residence time for mercury removal.  FFs have a median
mercury removal efficiency of 8 percent, with a range from no control (zero percent removal) to
73 percent removal (Radian Corporation, 1993d; Carnot, 1994a; Interpoll, 1992d; Battelle, 1993b;
Weston, 1993a).


Mechanical collectors typically have very low PM collection efficiencies, often lower than
20 percent for particles less than or equal to 1 µm in size.  These devices are used as gross particulate
removal devices before ESPs or as APCDs on oil-fired units.  Venturi scrubbers can be effective for
particulate control, but require high pressure drops (more than 50 or 60 in. of water) for small particles. 
Even with high pressure drops, ESPs and FFs are normally more effective for submicron particles. 
Mechanical collectors and venturi scrubbers are not expected to provide effective mercury removal,
especially for those mercury compounds concentrated in the sub-micron PM fractions and in the vapor
phase.


4.1.1.3 Estimated National Mercury Emissions from Utility Boilers


To estimate national mercury emissions from utility boilers, data were gathered on the type of
fuel burned, the mercury content of each fuel and the amount of fuel consumed per year by each
individual unit (boiler).  Data on plant configurations, unit fuel usage and stack parameters (on a boiler-
specific basis) were obtained from the Utility Data Institute (UDI)/Edison Electric Institute (EEI) Power
Statistics database (1995 edition).  The UDI/EEI database is compiled from Form EIA-767, which
electric utilities submit on a yearly basis to the U.S Department of Energy's Energy Information
Administration.  Emissions were only calculated for operational or stand-by units.  Previous estimates
were based on the assumption that all the mercury present in the fuel would be emitted in the stack gas
(U.S. EPA, 1993d).  In addition, previous estimates did not attribute any mercury reductions to coal
cleaning.  As explained below, the estimates presented in this report do account for reductions in the
mercury content of coal due to coal cleaning and considers any mercury reductions achieved by existing
control devices.


Calculation of utility mercury emissions was a two-step process.  First, the amount of mercury in
the fuel was estimated as described below.  The calculated mercury concentration in the fuel multiplied
by the fuel feed rate resulted in an estimate of the amount of mercury (in kg/year) entering each boiler. 
Next, based on test data, "emission modification factors" (EMFs) were developed that are specific to
various boiler configurations and control devices.  The EMFs basically represent the level of mercury
control seen across various boiler configurations and control devices.  (The control devices are those that
are currently installed on boilers principally for nitrogen oxide, sulfur dioxide and PM control.)  The
EMFs developed from the tested units were applied to all other similar units in the U.S. to give mercury
emission estimates on a per-unit basis.


Only coal, oil and natural gas were considered because these fuels account for nearly 100 percent
of the fuels fired by utility boilers.  The mercury content of these fuels varies greatly, with coal
containing the most mercury and natural gas containing almost none.


Mercury Concentrations in Oil and Natural Gas.  The mercury concentration in as-fired oil and
natural gas was estimated from emissions test data for boilers burning these fuels.  In the estimation of
mercury emissions, all oil-fired units were assumed to burn residual oil because trace element data were
available only for residual oil.  An average density of 8.2 lb/gal was chosen to represent all residual oils. 
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Trace element analysis of natural gas was performed for only two available emissions tests; these
concentrations were averaged.  The calculated mercury concentration in the oil and natural gas
multiplied by the fuel feed rate resulted in an estimate of the amount of mercury (in kg/year) entering
each oil- and natural gas-fired boiler.


Mercury Concentrations in Coal.  Mercury concentrations were estimated for bituminous,
subbituminous and lignite coals.  The mercury concentration of anthracite coal was not calculated
because only 6 (out of approximately 2000) utility boilers fire anthracite and account for only 0.4 percent
of the coal burned annually.  For the purposes of calculating mercury emissions, units burning anthracite
were assumed to burn bituminous coal.


A database of trace element concentrations in coal, by state of coal origin, was compiled by the
United States Geological Survey (USGS), which analyzed 3,331 core and channel samples of coal. 
These samples came from 50 coal beds having the highest coal production in the U.S.  Industry reviewed
these data and under a separate effort screened the data to remove about 600 entries representing coal
seams that could not be mined economically (EPRI, 1994).  The mercury concentration of the screened
data set was virtually the same as the mercury concentration when the full USGS data set was used, so
U.S. EPA chose to use the USGS data in its entirety.  The mercury concentration of the samples ranged
from 0.003 ppmwt to 3.8 ppmwt (Bragg, 1992).


The average mercury content of each of these beds was calculated.  The location of each bed was
then matched with a state.  Using the UDI database and records of actual coal receipts, the state from
which each utility purchased the majority of its coal was identified.  With three exceptions, the mercury
content of the coal fired by each utility was then assigned based on the average concentration of mercury
calculated for each coal bed.  Exceptions were made for Colorado bituminous, Illinois coal, and
Wyoming coal where data were available from as-fired coal samples.  These data were used directly to
estimate emissions from utility boilers firing these coals.  There were two sets of data for coal originating
in Arizona and Washington.  These two sets were averaged.  Since no data were avail-able for coal from
Louisiana, data from Texas lignite coal were substituted for Louisiana lignite coal.


Mercury Reductions Due to Coal Cleaning.  The USGS database contains concentrations of
mercury in as-mined coal but does not include analyses of coal shipments (i.e., "as-fired" coal).  The
concentration of mercury in as-mined coal may be higher than the concentration in shipped coal because
in the process of preparing a coal shipment, some of the mineral matter in coal - and the associated
mercury - may be removed by coal cleaning processes.  Since approximately 77 percent of the eastern
and midwestern bituminous coal shipments are cleaned in order to meet customer specifications for
heating value (Akers et al., 1993), ash and sulfur content, analyses were done to estimate the average
amount of mercury reduction that could be attributed to coal cleaning.  As a result of these analyses, a 21
percent reduction in mercury concentration was attributed to coal cleaning for those boilers purchasing
coal from states where coal washing is common practice.  The highlight box below discusses how this
mercury reduction value was determined.  No coal cleaning reductions were applied to lignite or
subbituminous coals, or bituminous coal when the state of coal origin was west of the Mississippi River.
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EFFECT OF COAL CLEANING ON MERCURY CONCENTRATIONS  


U.S. EPA requested data on the concentrations of trace elements (including mercury) in coal from
the National Coal Association, but limited data were available for two reasons.  First, few shipments are
analyzed for trace element concentrations, and second, many coal companies consider such information
proprietary.  EPA did receive data on the concentrations of trace elements in coal shipments from the ARCO
Coal Company on 145 samples of Wyoming coal and on 30 samples of bituminous Colorado coal; the Illinois
State Geological Survey (ISGS) on 34 samples of Illinois coal; and the Electric Power Research Institute
(EPRI) on mercury concentrations in 100 various samples.


Since no other data were available on the concentration of mercury in actual coal shipments,
arithmetic averages of the mercury concentrations provided by the ARCO Coal Company and the ISGS were
considered as-fired samples.  These values were used directly to estimate the amount of mercury in
bituminous Colorado coal, subbituminous Wyoming, and bituminous Illinois coal shipments. 


The mercury concentrations in the raw coal, the clean coal, and the percent reduction achieved by
cleaning are shown in Table 4-3.  As shown, some of the mercury reductions are negative.  At first, this
would seem to suggest that the mercury has been increased or enriched in the clean coal.  Negative
percentages occur when part of the coal is removed, but the mercury is not contained in the extracted portion. 
As a result, the same weight of mercury that was contained in the uncleaned coal is contained within a
relatively smaller weight of the cleaned coal.  Since the weight of the mercury was not changed, negative
removal percentages were interpreted to mean that no mercury reduction occurred, or in other words, that the
mercury reduction was zero percent.


As shown in Table 4-3, the mercury reductions ranged from -200 percent (effectively zero percent
removal) to 64 percent.  There is also variation in mercury reduction from cleaned coals originating from the
same coal seam.  For example, the mercury reduction ranged from -20 percent to 36 percent for Pittsburgh
seam coals.  The variation may be explained by several factors.  The data may represent different cleaning
techniques, and the effectiveness of the cleaning processes will depend on how much mercury was contained
in the coal.  Also, considerable variation may result from the mercury analytical technique.


Because of the variability of the data, typical mercury removal was estimated by taking the
arithmetic average of the removal data listed in Table 4-3.  Any negative value was taken as a zero, and the
zero values were included in the average.  The resulting 21 percent average reduction was used to estimate
mercury emissions from utility boilers that burn bituminous coal from states east of the Mississippi River. 
Note that this reduction was assumed for all such boilers, even though data indicate that only 77 percent of
the eastern and midwestern bituminous coal shipments are cleaned.  As stated above, no coal cleaning
reductions were applied to lignite or subbituminous coals, or bituminous coal when the state of coal origin
was west of the Mississippi River.


As these data demonstrate, coal cleaning can result in mercury reductions that are higher or lower
than the average 21 percent value applied in this analysis.  It is expected that significantly higher mercury
reductions can be achieved with the application of emerging coal preparation processes, such as selective
agglomeration and advanced column floatation.
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Table 4-3
Comparison of Mercury Concentrations in Raw and Cleaned Coal


Seam State Raw Coal
Mercury (ppm)


Cleaned Coal
Mercury (ppm)


Percent
Removal


Central Appalachian Coal Sample A 0.09 0.1 -11.11


Central Appalachian Coal Sample B 0.12 0.11 8.33


Il #6 IL 0.14 0.08 42.86


Pittsburgh A PA 0.15 0.11 26.67


Pittsburgh B PA 0.14 0.09 35.71


Pittsburgh C PA 0.14 0.13 7.14


Pittsburgh D PA 0.1 0.12 -20.00


Pittsburgh E PA 0.1 0.08 20.00


Pittsburgh PA 0.1 0.08 20.00


Upper Freeport PA 0.03 0.09 -200.00


Lower Kittanning PA 0.44 0.34 22.73


Sewickley PA 0.18 0.18 0.00


Pittsburgh PA 0.13 0.11 15.38


Pittsburgh PA 0.13 0.12 7.69


Il #6 IL 0.12 0.13 -8.33


KY #9 and 14 KY 0.16 0.14 12.50


Pratt/Utley AL 0.28 0.22 21.43


Pratt AL 0.29 0.28 3.45


Utley AL 0.34 0.27 20.59


Pratt AL 0.34 0.24 29.41


Upper Freeport PA 0.7 0.25 64.29


Upper Freeport PA 0.7 0.28 60.00


Il 2,3,5 IL 0.24 0.2 16.67


Il 2,3,5 IL 0.24 0.14 41.67


Ky #11 KY 0.15 0.12 20.00


ISGS IL 0.2 0.09 55


Minimum -200.00


Maximum 64.29


Average 21.21


Reference:  Akers et al., 1993 for every seam but ISGS; Demir et al., 1993 for ISGS.







      Limestone is used in circulating fluidized bed (CFB) boilers to control sulfur dioxide emissions.  The EPA1


recognizes that the limestone may contribute to trace metal emissions, including mercury.  For the 19 CFB units in
the U.S., the potential contribution of limestone to the unit's mercury emissions was included in the mercury
emissions estimate for each boiler. 
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For example, for a unit burning bituminous coal, the amount of mercury entering the boiler was
estimated by multiplying the average mercury content of the coal (specific to state of coal origin) by 0.79
to account for a 21 percent reduction due to coal cleaning.  This product was multiplied by the unit's
annual fuel consumption rate to give the inlet mercury in kg/year.


Calculation of Mercury Emission Estimates.  Emissions data were available from 58 emission
tests conducted by U.S. EPA, the Electric Power Research Institute (EPRI), the Department of Energy
(DOE), and individual utilities.  Not all known boiler configurations or control devices could be tested. 
In order to estimate emissions from all units in the U.S., EMFs were developed for specific boiler
configurations and control devices from the test data and applied to similar units.


The EMFs were calculated by dividing the amount of mercury exiting either the boiler or the
control device by the amount of mercury entering the boiler.  The average EMF for specific boiler
configurations and control devices was calculated by taking the geometric mean of the EMFs for that
type of configuration or control device.  (The geometric mean was chosen rather than the arithmetic
mean because the distribution of emission factors followed a lognormal distribution.)  The EMFs for
various boiler configurations and control devices are shown in Appendix C.  To calculate the control
efficiency, the EMF is subtracted from 1.


Boiler-specific emission estimates were then calculated by multiplying the calculated inlet
mercury concentration by the appropriate EMF for each boiler configuration and control device.  1


Figures 4-4 and 4-5 illustrate how mercury emission estimates were calculated for coal-fired boilers and
for oil- or natural gas-fired boilers.  As displayed in Table 4-4, national estimates of mercury emissions
from utility boilers are approximately 52 tons per year, of which 51.6 tons are attributed to coal-fired
units, 0.2 tons are attributed to oil-fired units, and 0.002 tons are attributed to natural gas-fired units.


Table 4-4
Best Point Estimate of Mercury Emissions from Utility Boilers:  1994-1995


Fuel Type Mg/Yr Tons/Yr


Emission Rate Comments


Coal 46.9 51.6 The industry (Electric Power Research Institute)
estimate for coal-fired units is 44 tons/year.


Oil 0.2 0.2


Natural Gas 0.002 0.002


Total 47.2 51.8











PLANT
CONFIGURATION


INFORMATION


Subbituminous
LigniteBituminous


USGS average coal
mercury concentration


specific to State of
coal origin


USGS average coal
mercury concentration


specific to State of
coal origin


Apply coal
cleaning factor,


if applicable No cleaning
factor


Mercury inlet to boiler


Multiply mercury content
of coal by unit annual feed
rate form UDI data base


What type of boiler?


Apply boiler trace element
emission factors (EMFs)


What type of particulate
matter (PM) control?


Apply PM trace element
emission factors


What type of SO control?2


Apply SO trace element
emission factors


2


Kg/yr mercury out of stack


Identify State of coal
origin from UDI


Figure 4-5
Mercury Emissions from Coal Fired Boilers
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4.1.2 Municipal Waste Combustors


Municipal waste combustors (MWCs) fire municipal solid waste (MSW) to reduce the volume of
the waste and produce energy.  There are three main types of technologies used to combust MSW:  mass
burn combustors, modular combustors and refuse-derived fuel-fired (RDF) combustors.  A fourth type,
fluidized-bed combustors (FBCs), is less common and can be considered a subset of the RDF
technology.  Modular MWCs characterize the low end of the MWC size range, whereas the mass burn
and RDF MWCs tend to be larger.  Both the mass burn and modular MWCs fire waste that has
undergone minimal pre-processing, other than the removal of bulky items.  The RDF combustors fire
MSW that has been processed to varying degrees, from simple removal of bulky and noncombustible
items, to extensive processing to produce a fuel suitable for co-firing in pulverized coal-fired boilers.  Of
the three main combustor types, mass burn combustors are the predominant technology used and are
found in three kinds:  mass burn/waterwall (MB/WW), mass burn/refractory wall (MB/REF) and mass
burn/rotary waterwall (MB/RC).  The MB/WW technology is the most common type, especially for
newer MWCs.  With the exception of the refractory wall combustors and some of the modular
combustors, the majority of MWCs incorporate energy recovery (Fenn and Nebel, 1992).


At the beginning of 1995, there were over 130 MWC plants with aggregate capacities greater
than 36 Mg/d (40 tons/d) of MSW operating in the United States.  There have been a number of plant
closures in this source category since 1991.  The inventory described here represents 37 fewer facilities
in this size range than reported by U.S. EPA in 1993 (U.S. EPA, 1993d).  The number of combustion
units per facility ranges from one to six, with the average being two.  Total facility capacity ranges from
36 to 2,700 Mg/d (40 to 3,000 tons/d).  These plants have a total capacity of approximately 90,000 Mg/d
(99,000 tons/d).  A geographic distribution of the MWCs is presented in Table A-8, Appendix A (Fenn
and Nebel, 1992).  This distribution reflects MWC's that were operational in January 1995.


In addition to the MWCs discussed above, there are a number of smaller MWCs in the United
States (with plant capacities of less than 36 Mg/d [40 tons/d]).  This population of smaller MWCs
comprises less than one percent of the nation's total MWC capacity (Fenn and Nebel, 1992).  Since 1991,
there have been 13 MWCs in this size range that have closed.  Table A-8 in Appendix A, as well as the
map shown in Figure 4-6, reflects the 1995 MWC population.


4.1.2.1 Mercury Emissions and Controls


Mercury emissions from MWCs occur when mercury in the MSW vaporizes during combustion
and is exhausted through the combustor stack.  There are numerous sources of mercury in MSW.  These
include electric switches and lighting components, paint residues and thermometers.


More than 85 percent of the MWC plants (99 percent of the MWC capacity) in the United States
employ some kind of APCD (Fenn and Nebel, 1992).  These controls range from the use of electrostatic
precipitators (ESPs) alone to control PM, to the use of acid gas controls (e.g., dry lime injection, spray
drying) in combination with an ESP or a fabric filter.  New MWCs employ the latter combination of
controls plus the application of activated carbon injection technology.  Mercury control in APCDs
without supplemental carbon injection technology is variable since mercury exists as a vapor at the
typical APCD operating temperatures.  Factors that enhance mercury control are low temperatures in the
APCD system (less than 150 to 200�C [300 to 400�F]), the presence of an effective







Figure 4-6
Municipal Waste Combustor Facilities


mercury sorbent and a method to collect the sorbent (Nebel and White, 1992). In general, carbon
present in the fly ash enhances mercury sorption onto PM, which can then be captured in the PM
control device. Most modem MWCs, excluding RDF combustors, have low levels of carbon in the fly
ash and good carbon burnout, representative of efficient and complete combustion; thus, there is little
carbon to adsorb the mercury. RDF combustors generally have higher PM loadings and higher carbon
contents at the combustor exit because of the suspension firing of the RDF in the combustor. As a
result, mercury levels for RDF MWCs with acid gas control alone (flue gas cooling) are lower than for
other combustors (Nebel and White, 1991). With the additional application of carbon injection
technology, non-RDF combustors achieve 85 to 95 percent mercury control with resulting emissions
similar to RDF combustors. Since 1994, 15 MWC units have initiated commercial operation with
carbon injection technology for mercury. The average performance level is 93 percent mercury
control.


Add-on mercury control techniques include the injection of activated carbon or Na2S into the
flue gas prior to the PM control system. These technologies are now being used commercially on some
MWCs in the U.S., and on MWCs in Europe, Canada and Japan where removal efftciencies  have been
reported to range from over 50 percent to 90 percent. Recent test programs using activated carbon and
Na2S injection conducted in the U.S. showed mercury removal efficiencies ranging from 50 percent to
over 95 percent (U.S. EPA, 1993a). There are currently at least four MWCs  in the U.S. that are being
controlled with activated carbon injection in conjunction with PM control. Greater than 95 percent
control of mercury emissions is being achieved. State regulations in Florida and New Jersey required
MWCs  in these states to retrofit with activated carbon injection by the end of 1995.
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New Source Performance Standards and
Emission Guidelines for MWCs


On September 20, 1994, the U.S. EPA proposed New Source Performance Standards (NSPS) and Emission
Guidelines (EG) applicable to MWC plants larger than 35 Mg/day (39 tons per day) capacity.  The U.S. EPA finalized
these regulations on October 31, 1995.  The NSPS (Subpart Eb) applies to new MWC plants constructed after September
20, 1994 and the EG (Subpart Cb) applies to MWC plants constructed before September 20, 1994.  For some of the
pollutants regulated by the NSPS and EG, the NSPS is more stringent than the EG.  For mercury, the same emission
control requirements apply to new MWCs (NSPS) and existing MWCs (EG).  The final mercury standard for new and
existing MWCs is 0.08 mg/dscm or about 90 percent control.


Emission factors for mercury have been developed from test data gathered at several MWCs. 
The emission factors for various combinations of combustors and control devices are presented in
Table A-9, Appendix A.  Estimated mercury emissions were determined based on the tonnage of the
waste being combusted and on these emission factors (U.S. EPA, 1992b; Waste Age, 1991).  Multiplying
the processing rates by the uncontrolled emissions and taking into account the different control
efficiencies (all found in Table A-9, Appendix A) gives an estimated total baseline mercury emissions of
50 Mg/yr (55 tons/yr) in 1990.  As described below, the 1995 emission estimate for MWCs is
considerably lower.


Mercury emissions from MWCs have declined since 1990 and will continue to decline in the
future for three important reasons.  First, under section 129 of the CAA, U.S. EPA is required to develop
emission limits for mercury (and a number of other pollutants) being emitted from MWCs.  On October
31, 1995, the U.S. EPA Administrator signed New Source Performance Standards (NSPS) and emission
guidelines for new and existing MWCs that have the capacity to burn more than 35 Mg MSW/day (39
tons/day) (see box below).  The NSPS and emission guidelines, when fully implemented, are estimated
to reduce mercury emissions by about 90 percent, from the 1990 baseline of 50 Mg/year (55 tons/year) to
4.0 Mg/year (4.4 tons/year).


Second, as described in the following sections, many of the mercury-containing components that
comprise MSW have declined.  These include household batteries where mercury use is expected to be
discontinued and paint residues and pigments where mercury additives have been phased out.  Based on
the status of all MWC facilities in 1995, the U.S. EPA estimates national mercury emissions from
MWCs to be 26.9 Mg/yr (29.6 tons/yr).  This estimate incorporates changes in MWC mercury emission
levels resulting from (1) installation of APCDs on new and some existing MWCs that achieve moderate
mercury control, (2) retirement of several existing MWCs, and (3) significant reductions in the mercury
content of mercury-containing components of municipal waste, as described above.  As a result, the inlet
concentration of mercury in the MWC waste stream is estimated to be, on average, half of what the
concentration was in 1990.  As mentioned above, full implementation of the 1995 emissions guidelines
(retrofit of carbon injection technology to existing MWCs) will result in national mercury emissions
from MWCs being reduced to 4.4 tons per year.


Third, some States have enacted either MWC legislation requiring the use of activated carbon
injection, recycling or bans on the sale of certain mercury-containing products.  These efforts will
decrease both the amount of mercury being emitted from MWCs and the amount of mercury in MSW in
general.  Florida, New Jersey and Minnesota have led State efforts in this area.  Volume VIII of this
Mercury Report to Congress summarizes the legislative, regulatory and other programs of several states
that influence mercury use and disposal.
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4.1.2.2 MSW Components and Trends


MSW consists primarily of household garbage and other commercial, institutional and industrial
solid wastes.  The known sources of mercury in MSW are batteries (mercuric oxide), discarded electrical
equipment and wiring, fluorescent bulbs, paint residues and plastics.  In 1989, the estimated mercury
content of MSW was 664 Mg (709 tons), with concentrations ranging from 1 to 6 ppm by weight and a
typical value being 4 ppm by weight (U.S. EPA, 1993a).


The U.S. EPA's Office of Solid Waste (OSW) estimates that 55 to 65 percent of MSW comes
from residential sources, while 35 to 45 percent comes from commercial sources (U.S. EPA, 1992g). 
One 1992 study identified and reported a number of specific sources of mercury in MSW, as summarized
in Table 4-5  The data from Table 4-5 are shown graphically for the year 1989 in Figure 4-7.  These
figures show that in 1989 household batteries were the largest contributing source of mercury to MSW. 
Fluorescent light bulbs, paint residues, thermometers, thermostats, and pigments contribute most of the
remainder of mercury to MSW.  However, as discussed in the subsections that follow, mercury in
batteries and paint residues have decreased significantly in the 1990s.


In general, from an examination of Bureau of Mines data for mercury use, it can be inferred that
the components of MSW that will be the main sources of mercury in the future will be in the electrical
lighting and wiring devices and switches sectors, as well as fever thermometers.


Batteries


Major types of batteries include alkaline, mercuric oxide, silver oxide, and zinc air batteries. 
Another kind of battery, carbon zinc, is produced and discarded at a substantially lower rate.


In 1989, alkaline batteries accounted for about 419 tons or close to 60 percent of the mercury in
the MSW stream (U.S. EPA, 1992a).  Although the quantity of mercury in each alkaline battery is
minimal, the large number sold and discarded has made these batteries the largest single source of
mercury in MSW historically.  The contribution from this source category, however, is declining
dramatically due largely to industry initiatives and recent federal and state laws to reduce and ultimately
eliminate mercury from alkaline batteries.


Mercury has been used in alkaline manganese batteries as an additive to suppress formation of
internal gases which would lead to leakage, possible explosions and/or short shelf life.  In the U.S.,
alkaline batteries in the mid-1980's contained mercury in amounts from about 0.8 percent to about 1.2
percent of the battery weight.  Between late 1989 and early 1991, all U.S. manufacturers converted
production so that the mercury content, except in button and "coin" cells, did not exceed 0.025 percent
mercury by weight (National Electrical Manufacturers Association, undated).
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Table 4-5
Estimated Discards of Mercury in Products in Municipal Solid Wastea


In Tonsb,c


Products 1970 1975 1980 1985 1989 1995 2000


Batteries
Alkaline
Mercuric oxide
Others
Subtotal Batteries


4.1
301.9


4.8
310.8


38.4
287.8


4.7
330.9


158.2
266.8


4.5
429.5


352.3
235.2


4.5
592.0


419.4
196.6


5.2
621.2


*
*
*
*


0.0
*
0.0
*


Electric Lighting
Fluorescent Lamps
High Intensity Lamps
Subtotal Lighting


18.9
0.2


19.1


21.5
0.3


21.8


23.2
1.1


24.3


27.9
0.7


28.6


26.0
0.8


26.7


14.7d


1.0
15.7


11.6d


1.2
12.6


Paint Residues 30.2 37.3 26.7 31.4 18.2 2.3 0.5


Fever Thermometers 12.2 23.2 25.7 32.5 16.3 16.9 16.8


Thermostats 5.3 6.8 7.0 9.5 11.2 8.1 10.3


Pigments 32.3 27.5 23.0 25.2 10.0 3.0 1.5


Dental Uses 9.3 9.7 7.1 6.2 4.0 2.9 2.3


Special Paper Coating 0.1 0.6 1.2 1.8 1.0 0.0 0.0


Mercury Light Switches 0.4 0.4 0.4 0.4 0.4 1.9 1.9


Film Pack Batteries 2.1 2.3 2.6 2.8 0.0 0.0 0.0


Total Discards 421.8 460.5 547.5 730.4 709.0 227.6 144.6


 U.S. EPA, 1992a (except for fluorescent lamps estimates).a


 Discards before recovery.b


 One ton equals 2000 pounds.c


 The estimated contribution of mercury from fluorescent lamps disposal to MSW was calculated based on industryd


estimates of a 4 percent growth rate in sales in conjunction with a 53 percent decrease in mercury content between 1989
and 1995, and a further 34 percent decrease in mercury content by the year 2000 (to 15 mg of mercury per 4 foot
fluorescent lamp) (National Electric Manufacturers Association, 1995).


* NOTE:  Since 1992 several states have restricted the mercury content of alkaline batteries and/or banned the sale of
mercuric oxide batteries.  Federal legislation to restrict mercury use in batteries went into effect in May, 1996.  The
battery industry has eliminated mercury as an intentional additive in alkaline batteries, except in button cells.  Although
no current estimate of mercury emissions from batteries was available for these out years, according to NEMA, the entire
U.S. battery industry used only approximately 6.6 tons of mercury in 1994 (NEMA, 1996).







Figure 4-7
Discards of Mercury in Municipal Solid Waste, 1989
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Total mercury discards = 709 tons


Mercuric oxide batteries include cylinder-shaped batteries (such as those used in hospital
applications) and button-shaped batteries (such as those used in hearing aids, electronic watches,
calculators, etc.). Larger mercuric oxide batteries are used in a variety of medical devices. The
mercury content of mercuric oxide batteries is 30 to 40 percent of the weight of the battery and cannot
be reduced without proportionately reducing the energy content of the battery. In 1989, these batteries
contributed an estimated 196 tons (or about 28 percent) of mercury discards to MSW. Although
mercuric oxide batteries are estimated to continue to be a large source of mercury in MSW on a
percentage basis (Solid Waste Association of North America, 1993), the total tonnage of mercury
discarded in such batteries is expected to decline in the future due to the increase in use of alkaline and
zinc air batteries for these applications. The Mercury-Containing and Rechargeable Battery
Management Act prohibits disposal of these batteries in the MWS after May 13, 1996 (see discussion
below).


Silver oxide, zinc air and carbon zinc batteries contributed an estimated 5 tons (or about
1 percent) of mercury discards in MSW in 1989. Because production of carbon zinc batteries is
declining, and because these batteries have been converted to “no mercury added” designs, discards of
mercury in carbon zinc batteries will decline. Production and discards of silver oxide and zinc air
batteries are increasing, but mercury use has been discontinued in these types of batteries since 1992
(National Electric Manufacturers Association, undated).
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Table 4-6 presents the estimated amount of mercury entering the MSW stream by year and
battery type.  However, it is important to note the estimates for the years 1995 and 2000 do not reflect
recent state, federal or battery manufacturers' efforts to reduce the mercury content of batteries.


A federal law called the Mercury-Containing and Rechargeable Battery Management Act went
into effect May 13, 1996.  Under Title I: Rechargeable Battery Recycling Act, persons are prohibited
from selling for use in the United States a regulated battery (a rechargeable battery containing cadmium
or lead electrode, or other electrode chemistries determined by EPA) unless labeling requirements are
met and the battery is removable.  The label must state that the battery must be recycled or disposed of
properly.  Title II: Mercury-Containing Battery Act, prohibits the sale of 1) alkaline-manganese batteries
containing mercury (alkaline-manganese button cell batteries are limited to 25 mg mercury per button
cell), 2) zinc carbon batteries containing mercury, 3) button cell mercuric-oxide batteries for use in the
US, and 4) any mercuric-oxide battery unless the manufacturer identifies a collection site that has all
requires federal, State, and local government approvals, to which persons may send batteries for
recycling and disposal.


Several states has already passed or introduced legislation with similar requirements to the
federal law discussed above prior to the federal law’s effective date.  With these restrictions on the
production and disposal of mercury containing batteries in MSW, mercury introduced into the waste
stream is expected to decrease over time.


The National Electrical Manufacturers Association (NEMA) has estimated that the average
mercury level in MSW from batteries will decline by 50% every two years and will be �mercury free� by
approximately 2008 (NEMA, 1997).  NEMA cautions readers that this projection of future mercury
levels is based on very few data and NEMA intends to conduct annual analyses to document the
continued decline in mercury levels.  This estimate is based on results of the three analyses of samples of
post consumer round cell, alkaline manganese and zinc carbon batteries in the MWS.  These were from
Camden County New Jersey battery drop off and collection program, the Lee County Florida battery
curbside collection program and the Hennepin County Minnesota drop off and curbside collection
programs.  The study found that the most frequent (median) ages of alkaline batteries found in the
stockpile was 1-2 years old.


Electric Lighting


Fluorescent lamps (bulbs) and high intensity lamps (bulbs) used in lighting streets, parking lots,
etc. were considered the second largest source of mercury in MSW in 1989 (U.S. EPA, 1992a).  It is
estimated that fluorescent lamps accounted for about 26 tons of mercury in MSW (or 3.7 percent of total
discards) in 1989.  All lighting sources were estimated to contribute about 27 tons of mercury in the
same year.  Figure 4-8 illustrates the estimated historical discards of electric lighting sources.


As indicated in the flow diagram in Figure 3-1, an estimated 98% of discarded bulbs are treated
as MSW (2% is estimated to be recycled).  Of the bulbs in the MSW system, 13% are sent on to MWCs
for incineration.  Approximately 90% of the mercury contained in these lamps would be expected to
volatilize and become emissions if there were no control device (Truesdale, 1993).
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Table 4-6
Estimated Discards of Mercury in Batteriesa


In Tons


Alkaline Mercuric Oxide Silver Oxide Zinc Air Year Discarded


4.1 301.9 0.1 0.0 1970


38.4 287.8 0.2 0.2 1975


158.2 266.8 0.3 0.3 1980


352.3 235.2 0.5 0.7 1985


443.6 182.5 1.1 2.4 1990


390.5 172.0 1.1 2.9 1991


* * 0.7 2.0 1995


0.0 * 0.0 0.0 2000


 U.S. EPA, 1992a.a


* NOTE:  Since 1992 several states have restricted the mercury content of alkaline batteries and/or banned the sale of
mercuric oxide batteries.  Federal legislation to restrict mercury use in batteries went into effect in May, 1996.  The
battery industry has eliminated mercury as an intentional additive in alkaline batteries, except in button cells.  Although
no current estimate of mercury emissions from batteries was available for these out years, according to NEMA, the entire
U.S. battery industry used only approximately 6.6 tons of mercury in 1994 (NEMA, 1996).


As discussed in Section 3.1, EPA has proposed a new rule addressing the management of spent
mercury-containing lamps (59 FR 39288).  One of the options considered in this proposal would be to
add mercury-containing lamps to the universal waste regulations, which would change the requirements
for lamp transport for recycling purposes.  The second option would allow disposal of lamps in a Subtitle
D landfill, but would not allow the disposal of lamps in a MWC.


Future projections of mercury discards from electric lighting sources depend on the sales of
lamps and their mercury content.  Sales of fluorescent lamps increase between 3 and 5 percent a year.  As
described in section 3.1 of this Volume, the mercury content of fluorescent lamps has decreased by 53
percent between 1989 and 1995 to 22.8 mg of mercury per lamp.  Assuming a 4 percent increase in sales
and a 53 percent decrease in mercury, estimated discards of mercury would be 14.7 tons in 1995. 
Assuming a 4 percent increase in sales and an additional 34 percent decrease in mercury content between
1995 and 2000 (to 15 mg mercury per lamp) leads to an estimated 11.6 tons per year in discards in the
year 2000.
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Table 4-7
Estimated Discards of Mercury in Paint Residuesa


Year Total Discards in Residues (In Tons)


1970 30.2


1975 37.3


1980 26.7


1985 31.4


1988 23.1


1990 17.5


1995 2.3


2000 0.5


 U.S. EPA, 1992a.a


Fever Thermometers


An estimated 16.3 tons of mercury were discarded in thermometers in 1989.  It is estimated that
digital thermometers will gain an additional 1 to 2 percent of the market each year from 1990 through
2000, and the mercury content of mercury thermometers will remain constant (U.S. EPA, 1992a).  Table
4-5 illustrates the estimated discards of mercury from thermometers in MSW from 1970 to 2000.


Thermostats


Mercury thermostats are being replaced with digital thermostats.  It is expected that thermostats,
however, will still be a source of mercury in MSW through the year 2000 because of the long life of
mercury thermostats.  Mercury thermostats contributed an estimated 11 tons of mercury to the MSW
stream in 1989 (U.S. EPA, 1992a).  The estimated historical trends in mercury thermostat discards are
presented in Table 4-8.  Federal legislation (the Universal Waste rule) finalized in 1995 encourages the
recycling of thermostats rather than their disposal.  Recycling efforts are discussed in section 4.2.6.1 of
this Volume.  As a result of recycling programs, mercury discards from thermostats are expected to
decline.
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Table 4-8
Estimated Discards of Mercury in Thermostatsa


Year Total Mercury (In Tons)


1970 5.3


1975 6.8


1980 7.0


1985 9.5


1988 10.7


1989 11.2


1995 8.1


2000 10.3


 U.S. EPA, 1992a.a


Pigments


Based on available data, one report estimated that 10 tons of mercury in pigments were discarded
in 1989.  This accounted for less than 2 percent of total mercury discards.  Most of the mercury used in
pigments is used in plastics, paints, rubber, printing inks, and textiles.  As shown in Figure 4-9, estimated
discards of mercury in MSW pigments have generally been trending downwards since 1970 (U.S. EPA,
1992a).


Other MSW


Dental amalgams, a special paper coating used with cathode ray tubes, and mercury light
switches contributed less than 1 percent of the mercury in MSW in 1989.  Plans are underway to
discontinue manufacture of the special paper by 1995.  Mercury light switches are an increasing source
of mercury in MSW.  One study projects that 2 tons of mercury will be discarded to MSW from mercury
light switches in the year 2000, which would account for about 1 percent of total discards in that year
(U.S. EPA, 1992a).


Several additional sources of mercury have been found in MSW, but have not been quantified. 
For example, mercury was a component of batteries used in instant camera film packs, but these batteries
were discontinued in 1988.  Mirrors, glass, felt, outdoor textiles, and paper are other sources of mercury
to MSW.
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As with utility boilers, the configuration of commercial/industrial boilers can vary, but the
overall system is straightforward.  Coal or oil is received and transferred to storage where it is held until
it is transferred to the boiler.  Because this source category encompasses a wide range of boiler sizes, the
types of boilers used are more varied than those used in the utility sector.  Larger coal-fired industrial
boilers are suspension-fired systems like those used in the utility sector, while moderate and smaller
units are grate-fired systems that include spreader stokers, overfeed traveling and vibrating grate stokers
and underfeed stokers.  Oil-fired furnaces, which may use either distillate or residual fuel oil, typically
comprise a burner, a combustion air supply system, and a combustion chamber.  All coal-fired facilities,
and some oil-fired facilities, also have ash-handling systems.


Mercury emission factors for coal combustion in commercial/industrial boilers were developed
using mass-balance calculations with the assumption that all mercury fired with the coal is emitted in the
stack gas as a function of coal type (U.S. EPA, 1997a).  The emission factors do not account for coal
washing because the U.S. EPA believes that buyers for commercial/industrial boilers do not purchase
washed coal; their source of coal is primarily the spot market.  An estimated emission factor of
7.0 kg/10  J (16 lb/10  Btu) was used for bituminous coal combustion, and 7.6 kg/10  J (18 lb/10  Btu)15 12 15 12


was used for anthracite coal combustion.  Estimates of mercury emissions on a per-  state basis from
coal-fired commercial/industrial boilers are provided in Table A-3, Appendix A.  These values were
determined by using the referenced emission factors and the coal consumption estimates for the states
presented in Table A-2, Appendix A.  In estimating emissions, it was assumed that mercury emissions
from commercial/industrial boilers were not controlled.  The total estimated annual emissions for
coal-fired boilers are 18.8 Mg/yr (20.7 tons/yr).  Because mercury reductions from coal washing and any
other reductions that may occur across existing control devices are not accounted for, the emissions may
be overestimated.


Mercury emissions for oil combustion in commercial/industrial boilers were estimated on a per-
state basis using an emission factor of 2.9 kg/10  J (6.8 lb/10  Btu) for residual oil and 3.0 kg/10  J15 12 15


(7.2 lb/10  Btu) for distillate oil and the oil consumption estimates for States given in Table A-2,12


Appendix A.  These calculated emission values are presented in Table A-4, Appendix A.  The total
estimated annual emissions for oil-fired commercial/industrial boilers are 7 Mg/yr (7.7 tons/yr).


4.1.4 Medical Waste Incinerators


Medical waste incinerators (MWIs) are small incineration units that charge from 0.9 Mg/day
(1 ton/day) to 55 Mg/day (60 tons/day) of infectious and noninfectious wastes generated from facilities
involved in medical or veterinary care or research activities.  These facilities include hospitals, medical
clinics, offices of doctors and dentists, veterinary clinics, nursing homes, medical laboratories, medical
and veterinary schools and research units, and funeral homes.  The Resource Conservation and Recovery
Act (RCRA) (as amended November 1, 1988) defines medical waste as "...any solid waste which is
generated in the diagnosis, treatment, or immunization of human beings or animals, in research
pertaining thereto, or in the production or testing of biologicals" (U.S. EPA 1994a).


The estimated annual uncontrolled mercury emissions from MWIs are currently 14.6 Mg/yr
(16.0 tons/yr).  In addition, the NSPS and emission guidelines for MWIs would decrease national
mercury emissions from MWIs by 94 percent, to an estimated level of 0.95 Mg/yr (1.0 ton/year) after
control (see the box below for more detail).


Several states including New York, California and Texas have adopted relatively stringent
regulations in the past few years limiting emissions from MWIs.  The implementation of these
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regulations has brought about very large reductions in MWI emissions of mercury in those states.  It has
also significantly reshaped how medical waste is managed in those states.  Many facilities have
responded to state regulations by switching to other medical waste treatment and disposal options to
avoid the cost of add-on pollution control equipment.  The two most commonly chosen alternatives have
been off-site contract disposal in larger commercial incinerators and on-site treatment by other means
(e.g., steam autoclaving).


Mercury emissions from MWIs occur when mercury, which exists as a contaminant in the
medical waste, is combusted at high temperatures, vaporizes and exits the combustion gas exhaust stack. 
Known mercury sources in medical waste include batteries, fluorescent lamps, high-intensity discharge
lamps, thermometers, paper and film coatings, plastic pigments, antiseptics, diuretics, skin preparations,
pigments in red infectious waste bags and CAT scan paper.  Much of the mercury in the medical waste
stream is thought to be emitted as mercuric chloride, due to the large amount of chlorinated plastic
products disposed.


U.S. EPA estimates that about 0.204 x 10  Mg/yr (0.268 x 10  tons/yr) of pathological waste and6 6


1.431 x 10  Mg/yr (1.574 x 10  tons/yr) of general medical waste are processed annually in the United6 6


States (U.S. EPA, 1993a).  Medical waste may consist of any of the following, in any combination: 
human and animal anatomical parts and/or tissue; sharps (syringes, needles, vials, etc.); fabrics (gauze,
bandages, etc.); plastics (trash bags, IV bags, etc.); paper (disposable gowns, sheets, etc.); and waste
chemicals.


About 2,400 MWIs currently operate throughout the country; geographic distribution is
relatively even (see Table A-10, Appendix A) (U.S. EPA, 1996a).  Most of these units are hospital
incinerators.


There are an additional 1,305 incinerators burning only pathological waste which are not
technically considered to be MWIs.  These units are used for disposal of tissue only and are most
commonly found at veterinary facilities or animal research facilities.  The primary source of mercury in
medical waste is mercury-containing products, not tissue.  These small incinerators are estimated to
contribute 0.12 Mg/year (0.13 tons/year) to the total MWI mercury estimate of 14.6 Mg/year (16.0
tons/year).  The reader should note that the NSPS and emission guidelines for MWIs do not apply to
either incinerators for pathological waste only or crematories.  In this document, crematories are
discussed in Section 4.1.9.


The primary functions of MWIs are to render the waste biologically innocuous and to reduce the
volume and mass of solids that must be land filled by combusting the organic material contained within
the waste.  Currently, three major MWI types operate in the United States:  continuous-duty,
intermittent-duty and batch type.  All three have two chambers that operate on a similar principle.  Waste
is fed to a primary chamber, where it is heated and volatilized.  The volatiles and combustion gases are
then sent to a secondary chamber, where combustion of the volatiles is completed by adding air and heat. 
All mercury in the waste is assumed to be volatilized during the combustion process and emitted with the
combustion stack gases.


 A number of air pollution control systems are used to control PM and gas emissions from MWI
combustion stacks.  Most of these systems fall into the general classes of either wet or dry systems.  Wet
systems typically comprise a wet scrubber, designed for PM control (venturi scrubber or rotary
atomizing scrubber), in series with a packed-bed scrubber for acid gas removal and a high-efficiency
mist elimination system.  Most dry systems use a fabric filter for PM removal, but ESPs 
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New Source Performance Standards and
Emission Guidelines for MWIs


On September 15, 1997, EPA finalized the NSPS for new MWIs and emission guidelines for existing MWIs
(62 FR 48348).  The NSPS applies to all facilities that commenced construction after June 20, 1996 or that commenced
modification after the effective date of the NSPS (March 15, 1998), and the emission guidelines apply to existing MWIs
that commenced construction on or before June 20, 1996, although sources combusting only pathological wastes would
be subject to only certain reporting and record keeping provisions.  Overall, the NSPS and emission guidelines implement
sections 111 and 129 of the Clean Air Act Amendments of 1990, including the requirement for MWIs to control
emissions of air pollutants to levels that reflect the maximum degree of emissions reduction achievable, taking into
consideration costs, any non-air-quality health and environmental impacts, and energy requirements (a standard
commonly referred to as "maximum achievable control technology" or MACT).


For both the NSPS and the emission guidelines, facilities are grouped into subcategories based on waste
burning capacity.  Facilities whose capacities are less than or equal to 200 lb/hr are considered small facilities, those
whose capacity is greater than 200 lb/hr but less than or equal to 500 lb/hr are considered medium facilities, and those
whose capacity is greater than 500 lb/hr are considered large facilities.  Separate emission limits apply to each
subcategory.


The NSPS establish standards that limit emissions from new MWIs.  The standards are expected to reduce
mercury emissions by 45 to 75%.  The NSPS also require training and qualification of MWI operators, incorporate siting
requirements, specify testing and monitoring requirements to demonstrate compliance with the emission limits, and
establish reporting and record keeping requirements.


The emission guidelines require States to develop regulations that limit emissions from existing MWIs. The
emission guidelines are expected to reduce emissions from existing MWIs by 93 to 95 percent.  Consistent with the
NSPS, the emission guidelines also require training and qualification of MWI operators, specify testing and monitoring
requirements, and establish reporting and record keeping requirements.  Existing MWIs would have to meet one of the
following two compliance schedules: (1) full compliance with an EPA-approved State plan within one year after approval
of the plan, or (2) full compliance with the State plan within three years after EPA approval of the State plan, provided
the State plan includes measurable and enforceable incremental steps of progress that will be taken to comply with the


have been used on some of the larger MWIs.  These dry systems may use sorbent injection (e.g., lime)
via either dry injection or spray dryers upstream of the PM control device for acid gas control.  All of
these systems have limited success in controlling mercury emissions.  Recent U.S. EPA studies,
however, indicate that wet scrubbers as well as sorbent injection/fabric filtration systems can achieve
improved mercury control by adding activated carbon to the sorbent material (U.S. EPA, 1997a).  (These
controls for MWIs are discussed in Volume VIII of this Report to Congress.)


The estimated mercury emission factors for MWIs were determined by Midwest Research
Institute from 172 emission tests on 59 facilities.  An average emission factor was calculated using both
continuous and intermittent MWI’s.  The average emission factor was weighted based on the distribution
of test runs for intermittent and continuous MWI’s, giving each test equal weight.  Different control-type
dependent emission factors were also developed.  All combustion controls and dry scrubbers without
carbon were assigned an emission factor of 3.70 x 10 , all wet scrubbers and fabric filters were assigned-5


an emission factor of 1.31 x 10 , and dry scrubbers with carbon were assigned an emission factor of 1.66-6


x 10  (MRI, 1996).-6
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Mercury emissions were estimated using incinerator capacity, control-type, and facility-type
information from EPA’s �National Dioxin Emissions from Medical Waste Incinerators� (U.S EPA,
1996).  Emission estimates were calculated by first converting the charge rate (or incinerator capacity)
for each facility to waste burned per year.  All facilities were assumed to operate at 2/3 of their capacity. 
Batch units were assumed to operate at 160 batches per year.  Therefore, the charge rates of the batch
facilities (lb/batch) were multiplied by 2/3 and 160 to get waste burned per year.  All commercial units
were assumed to operate at 2/3 of their capacity and 7776 hours per year.  Therefore the charge rates of
the commercial facilities (lb/hr) were multiplied by 2/3 and 7776 to get pounds of waste burned per year. 
For all other non-batch, non-commercial facilities, the charge rate (lb/hr) was multiplied by 2/3 and the
hours/year for the facility type.  The facility type, other than batch and commercial facilities, was
determined from the charge rate of the facility.  Annual mercury emissions for each facility were
calculated by multiplying the waste burned per year by the appropriate emission factor for the facility’s
control type.  The total 1996 annual mercury emissions were estimated to be 14.6 Mg (16.0 tons).


4.1.5 Hazardous Waste Combustors


For the purpose of this emissions inventory, hazardous waste combustors include hazardous
waste incinerators,  lightweight aggregate kilns, and cement kilns permitted to burn hazardous waste. 
These hazardous waste burning cement kilns are not counted in the emissions estimate for Portland
Cement manufacturing in Section 4.2.2. 


Based on the U.S. EPA's 1995 emission estimates (U.S. EPA, 1995b), hazardous waste
combustors currently combine to emit a total of 6.4 Mg/year (7.1 tons/year) of mercury.  Of this amount,
hazardous waste incinerators are estimated to emit 3.5 Mg/year (3.95 tons/year), or approximately 54
percent of the total, hazardous waste burning cement kilns are estimated to emit 2.7 Mg/year (2.9
tons/year), or about 42 percent, and lightweight aggregate kilns are estimated to emit 0.28 Mg/year (0.31
tons/year), or about 4 percent of the total.


4.1.5.1   Hazardous Waste Incinerators


A hazardous waste incinerator is an enclosed, controlled flame combustion device that is used to
treat primarily organic and/or aqueous waste, although some incinerators burn spent or unusable
ammunition and/or chemical agents.  These devices may be fixed (in situ) or mobile (such as those used
for site remediation).  Major incinerator designs include rotary kilns, liquid injection incinerators,
fluidized bed incinerators and fixed hearth incinerators.


Currently, 162 permitted or interim status incinerator facilities, having 190 units, are in operation
in the U.S.  According to the U.S. EPA's List of Hazardous Waste Incinerators (November 1994),
another 26 facilities are proposed (i.e., new facilities under construction or in the process of being
permitted).  Of the 162 facilities, 21 are commercial sites that burn about 700,000 tons of hazardous
waste annually.  The remaining 141 are onsite or captive facilities that burn about 800,000 tons of waste
annually.


Hazardous waste incinerators are equipped with a wide variety of air pollution control devices. 
Typical devices include packed towers, spray dryers, or dry scrubbers for acid gas (e.g., HCl, Cl )2


control, as well as venturi scrubbers, wet or dry ESPs or fabric filters for particulate control.  Most
incinerators use wet systems to scrub acid emissions (three facilities use dry scrubbers).  Activated
carbon injection for controlling dioxin and mercury is being used at only one incinerator.  New control
technologies, such as catalytic oxidizers and dioxin/furan inhibitors, have recently emerged but have not
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Major Designs for Hazardous Waste Incinerators


Rotary Kilns.  Rotary kiln systems typically contain two incineration chambers:  the rotary kiln and an
afterburner.  The shell of the kiln is supported by steel trundles that ride on rollers, allowing the kiln to rotate around
its horizontal axis at a rate of one to two revolutions per minute.  Wastes are fed directly at one end of the kiln and
heated by primary fuels.  Waste continues to heat and burn as it travels down the inclined kiln, which typically
operates at 50-200 percent excess air and at temperatures of 1600-1800 F.  Flue gas from the kiln is routed to ano


afterburner, operating at 100-200 percent excess air and 2000-2500 F, where unburnt components of the kiln flue gaso


are more completely combusted.  Some rotary kiln incinerators, known as slagging kilns, operate at high enough
temperatures that residual materials leave the kiln in molten slag form.  The molten residue is then water-quenched. 
Ashing kilns operate at a lower temperature, with the ash leaving as a dry material.


Liquid Injection Incinerators.  A liquid injection incineration system consists of an incineration chamber,
waste burner and auxiliary fuel system.  Liquid wastes are atomized as they are fed into the combustion chamber
through waste burner nozzles.


Fluidized Bed Incinerators.  A fluidized bed system is essentially a vertical cylinder containing a bed of
granular material at the bottom.  Combustion air is introduced at the bottom of the cylinder and flows up through the
bed material, suspending the granular particles.  Waste and auxiliary fuels are injected into the bed, where they mix
with combustion air and burn at temperatures from 840-1500 F.  Further reaction occurs in the volume above the bedo


at temperatures up to 1800 F.o


Fixed Hearth Incinerators.  These systems typically contain a primary and a secondary furnace chamber. 
The primary chamber operates in "starved air" mode and the temperatures are around 1000 F.  The unburnto


hydrocarbons reach the secondary chamber where 140-200 percent excess air is supplied and temperatures of 1400-
2000 F are achieved for more complete combustion.o


been used on any full-scale incinerators in the U.S.


4.1.5.2 Lightweight Aggregate Kilns


The term lightweight aggregate refers to a wide variety of raw materials (such as clay, shale or
slate) that after thermal processing can be combined with cement to form concrete products.  Lightweight
aggregate concrete is produced either for structural purposes or for thermal insulation purposes.  A
lightweight aggregate plant is typically composed of a quarry, a raw material preparation area, a kiln, a
cooler and a product storage area.  The material is taken from the quarry to the raw material preparation
area and from there is fed into the rotary kiln.


There are approximately 36 lightweight aggregate kiln locations in the U.S.  Of these sites, there are
currently seven facilities that burn hazardous waste in a total of 15 kilns.


Lightweight aggregate kilns use one or a combination of air pollution control devices, including
fabric filters, venturi scrubbers, spray dryers, cyclones and wet scrubbers.  All of the facilities utilize
fabric filters as the main type of emissions control, although one facility uses a spray dryer, venturi
scrubber and wet scrubber in addition to a fabric filter.
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Major Design and Operating Features of
Lightweight Aggregate Kilns


Rotary kilns at lightweight aggregate plants typically consist of a long (30 to 60-meter) steel cylinder lined
with refractory bricks.  The cylinder is capable of rotating about its axis and is inclined at an angle of about 5 degrees.


Prepared raw material is fed into the kiln at the higher end, while firing takes place at the lower end.  The
dry raw material fed into the kiln is initially preheated by hot combustion gases.  Once the material is preheated, it
passes into a second furnace zone where it melts to a semiplastic state and begins to generate gases that serve as a
bloating or expanding agent.  In this zone, specific compounds begin to decompose and form gases (such as SO , CO ,2 2


SO , and O ) that eventually trigger the desired bloating action within the material.  As temperatures reach their3 2


maximum (approximately 2100 F), the semiplastic raw material becomes viscous and entraps the expanding gases. o


This bloating action produces small, unconnected gas cells, which remain in the material after it cools and solidifies. 
The product exits the kiln and enters a section of the process where it is cooled with cold air and then conveyed to the
discharge.


4.1.5.3    Hazardous Waste Burning Cement Kilns


The process of burning hazardous waste in cement kilns differs from the combustion of non-
hazardous waste only in the type of fuel used.  For a complete discussion of the process, refer to Section
4.2.2.  


Emissions from cement kilns permitted to burn hazardous waste were derived by EPA for the 41
hazardous waste burning cement kilns in the United States.  The data used to make the estimates was
supplied from the EPA Office of Solid Waste for the proposed hazardous waste combustion MACT
standards (U.S. EPA, 1997a).  The national annual mercury estimate is 2.66 Mg/year (2.93 tons/year).


4.1.6 Residential Boilers


Residential boilers are relatively small boilers used in homes and apartments.  These boilers may
use coal, oil, or natural gas as fuels; however, mercury emissions from natural gas combustion are
negligible.  As with the other types of boilers, mercury vaporizes during combustion in the coal- and oil-
fired residential boilers and the emissions appear as a trace contaminant in the exhaust gas.


The estimated annual mercury emissions from residential boilers, 3.3 Mg/yr (3.6 tons/yr), are
related to the amount of fuel used in the combustion process.  Estimates of coal and oil consumption
from these boilers on a per-state basis are presented in Table A-5, Appendix A.  Residential boilers
consume energy at an annual rate of 6.2 x 10  MJ/yr (5.9 x 10  Btu/yr).  About 1 percent of this energy12 15


consumption results from coal combustion, 15 percent from oil and petroleum fuel combustion and
85 percent from natural gas combustion (U.S. Department of Energy, 1996).


Because there is no evidence to link mercury emissions to boiler type, this section does not
describe residential boiler types.  Information on boiler types may be found in the Air Pollution
Engineering Manual, AP-42 and the L&E document (Buonicore and Davis, 1992; U.S. EPA, 1988; U.S.
EPA, 1997a).


Estimated mercury emission factors for coal combustion in residential boilers are the same as
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those used for other coal combustion processes.  These calculations include the assumption that all
mercury fired with the coal is emitted as stack gas.  An estimated emission factor of 7.0 kg/10  J15


(16 lb/10  Btu) was used for bituminous coal combustion, and 7.6 kg/10  J (18 lb/10  Btu) was used for12 15 12


anthracite coal combustion.  Estimates of mercury emissions on a per-state basis from coal-fired
residential boilers were determined by using these emission factors and the coal consumption estimates
for the states as presented in Table A-5, Appendix A.  These calculated emission values are presented in
Table A-6, Appendix A.  In estimating emissions, it was assumed that mercury emissions from
residential boilers were not controlled.  The total annual estimated emissions for coal-fired residential
boilers is 0.4 Mg/yr (0.5 tons/yr).


The estimated mercury emissions for oil combustion were estimated by using an emission factor
of 2.9 kg/10  J (6.8 lb/10  Btu) for residual oil and 3.0 kg/10  J (7.2 lb/10  Btu) for distillate oil and15 12 15 12


the oil consumption estimates for the states given in Table A-5, Appendix A.  These estimated emissions
values are presented in Table A-7, Appendix A.  The total annual estimated emissions for oil-fired
residential boilers is 2.9 Mg/yr (3.2 tons/yr).


4.1.7 Sewage Sludge Incinerators


Sewage sludge incinerators (SSIs) are operated primarily by U.S. cities and towns as a final stage
of the municipal sewage treatment process. The locations of SSIs in the United States are given in Figure
4-10.  The mercury in sewage comes from households, commercial and industrial sources and industries
discharging industrial wastewater into the sewer systems and flows to sewage treatment plants.  After
treatment at the sewage treatment plant, the sludge is usually land filled or incinerated.  Only a small
percentage of U.S. cities use sewage sludge incinerators.  The estimated annual mercury emissions in
1994 from SSIs account for 0.86 Mg/yr (0.94 tons/yr).  Mercury emissions occur when mercury in the
sewage is combusted at high temperatures, vaporizes and exits through the gas exhaust stack.  Land filled
sludge or sludge applied to farmland are also potential sources of mercury emissions.  These sources are
not addressed in this inventory.


A total of 116 SSIs currently operate in the United States.  An estimated 785,000 Mg
(865,000 tons) of sewage sludge on a dry basis are incinerated annually (U.S. EPA, 1993b).  Most
facilities are located in the Eastern United States, but a substantial number also are located on the West
Coast.  New York has the largest number of SSI facilities with 33, followed by Pennsylvania and
Michigan with 21 and 19, respectively.


Within the SSI category, three combustion techniques are used:  multiple-hearth, fluidized-bed
and electric infrared.  Multiple-hearth units predominate; over 80 percent of the identified SSIs are
multiple hearth.  About 15 percent of the SSIs in operation are fluidized bed units, about 3 percent are
electric infrared and the remainder co-fire sewage sludge with municipal waste (U.S. EPA, 1993b).


The sewage sludge incinerator process involves two primary steps:  dewatering the sludge and
incineration.  The primary source of mercury emissions from SSIs is the combustion stack.  Most SSIs
are equipped with some type of wet scrubbing system for PM control.  Because wet systems provide gas
cooling, as well as PM removal, these systems can potentially provide some mercury control.







Figure 4-10
Sewage Sludge Incinerators


I-


The U.S. EPA’s Compilation of Air Pollutant Emission Factors (U.S. EPA, 1988a) (otherwise
known as the AP-42) for SSIs lists five mercury emission factors for various types of SSIs and controls:
0.005 g/Mg (1.0 x 10” lb/ton) for multiple hearth combustors controlled with a combination of venturi
and impingement scrubbers, 0.03 g/Mg (6.0 x 10e5 lb/ton) for fluidized bed combustors controlled with
a combination of venturi and impingement scrubbers, 2.3 g/Mg (4.6 x 10” lb/ton) for multiple hearth
combustors controlled with a cyclone scrubber, 1.6 g/Mg  (3.2 x 10” lb/ton) for multiple hearth
combustors controlled with a combination of cyclone and venturi scrubbers, and 0.97 g/Mg (1.94 x lo-
3 lb/ton) for multiple hearth combustors controlled with an impingement scrubber (U.S. EPA, 1993b).
Given that combustor and control types are not known for all SSIs currently operating in the United
States, average emission factors were calculated: 0.0175 g/Mg (3.5 x 10” lb/ton) for SSIs controlled
with a combination of venturi and impingement scrubbers and 1.623 g/Mg (3.25 x 10e3 lb/ton) for SSIs
controlled by any other type or combination of types of scrubbers. Of the SSIs where data are
available, 32.6 percent of SSIs are controlled by a combination of venturi and impingement scrubbers,
and 67.4 percent are controlled by some other means. These percentages were assumed to apply to the
total population of SSIs.. Multiplying the total amount of sewage sludge incinerated annually,
785,000 Mg (865,000 x lo6 tons), by the appropriate percentage and emission factor gives a mercury
emission estimate of 4.5 x 10” Mg/yr (4.9 x 10” tons/yr)  for SSIs controlled with a combination of
venturi and impingement scrubbers and an estimate of 0.86 Mg/yr (0.94 tons/yr)  for SSIs controlled by
some other means. The overall mercury emissions estimate from SSIs is, thus, 0.86 Mg/yr
(0.94 tons/yr).
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4.1.8 Wood Combustion


Wood and wood wastes are used as fuel in both the industrial and residential sectors.  In the
industrial sector, wood waste is fired in industrial boilers to provide process heat, while wood is used in
fireplaces and wood stoves in the residential sectors.  Studies have shown that wood and wood wastes
may contain mercury.  Insufficient data are available, however, to estimate the typical mercury content
of wood and wood wastes.


Wood waste combustion in boilers is mostly confined to industries in which wood waste is
available as a byproduct.  These boilers, which are typically of spreader stoker or suspension-fired
design, are used to generate energy and alleviate possible solid waste disposal problems.  In boilers,
wood waste is normally burned in the form of hogged wood, sawdust, shavings, chips, sanderdust, or
wood trim.  Heating values for this waste range from about 9,300 to 12,000 kJ/kg (4,000 Btu/lb to
5,000 Btu/lb) of fuel on a wet, as-fired basis.  The moisture content is typically near 50 weight percent
but may vary from 5 to 75 weight percent, depending on the waste type and storage operations.  As of
1980, about 1,600 wood-fired boilers were operating in the United States, with a total capacity of
approximately 30.5 gigawatts (GW) (1.04 x 10  Btu/hr) (U.S. EPA, 1982).  No specific data on the11


distribution of these boilers were identified but most are likely to be located where pulp and paper plants
or logging operations are located (i.e., in the Southeast, the Pacific Northwest States, Wisconsin,
Michigan, and Maine) (U.S. EPA, 1993a).  One National Council of the Paper Industry for Air and
Stream Improvement (NCASI) study found the mercury content of bark waste to range from <0.08 to
0.84 ppm by weight (NCASI, 1991).


Wood-fired boilers use PM control equipment, which may provide some reduction in mercury
emissions.  The most common control devices used to reduce PM emissions from wood-fired boilers are
mechanical collectors, wet scrubbers, ESPs, and fabric filters.  Only the last three have the potential for
mercury reduction.  The most widely used wet scrubbers for wood-fired boilers are venturi scrubbers,
although no data have been located on the performance of these systems relative to mercury emissions. 
No data are available on mercury emission reduction for fabric filters for wood combustors, but results
for other combustion sources suggest that efficiencies will be low, probably 50 percent or less (U.S.
EPA, 1997a).


The data on mercury emissions from wood-fired boilers are limited.  A recent AP-42 study
provided a range and average typical emission factor for wood waste combustion in boilers based on the
results of seven tests.  The average emission factor of 2.6 x 10  kg/Mg (5.2 x 10  lb/ton) of wood burned-6 -6


is recommended as the best typical emission factor for wood waste combustion in boilers (U.S. EPA,
1992c).  Dividing the total capacity of wood-fired boilers, 30.5 GW (1.04 x 10  Btu/hr), by the average11


heating value of wood, 10,600 kJ/kg (4,560 Btu/lb), gives the total hourly rate:  10,367 Mg/hr
(11,404 tons/hr) (U.S. EPA, 1996).  Assuming that wood-fired boilers operate at capacity at 8,760 hr/yr
and multiplying by the above emission factor gives a mercury emission estimate for wood-fired boilers
of 0.24 Mg/yr (0.26 tons/yr).  This estimate has a high degree of uncertainty given the limited data
available.


Wood stoves, which are commonly used as residential space heaters, are of three different types: 
(1) the conventional wood stove, (2) the noncatalytic wood stove and (3) the catalytic wood stove. 
Fireplaces are used primarily for aesthetic effects and secondarily as a supplemental heating source in
homes and other dwellings.  Wood is most commonly used as fuel, but coal and densified wood "logs"
also may be burned.
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All of the systems described above operate at temperatures that are above the boiling point of
mercury.  Although some wood stoves use emission control measures to reduce volatile organic
compound (VOC) and carbon monoxide (CO) emissions, these techniques are not expected to affect
mercury emissions.  Consequently, any mercury contained in the wood will be emitted with the
combustion gases via the exhaust stack.


For residential wood combustion, only one emission factor, 1.3 x 10  kg/Mg (2.6 x 10  lb/ton) is-2 -2


available, which is based on a single test burning a single type of wood (pine) at a single location
(DeAngelis et al., 1980).  In 1987, the Department of Energy estimated that 22.5 million households
burned approximately 42.6 million cords of wood (Phillips, 1993).  Given that the densities of wood vary
greatly depending on wood type and the moisture content of the wood, and because the above emission
factor is from a single test, nationwide emissions of mercury for residential wood combustion were not
estimated.


4.1.9 Crematories


Volatilization of mercury from the mercury alloys contained in amalgam tooth fillings during
cremation of human bodies is a potential source of mercury air emissions.  In 1995, there were 488,224
cremations in the 1,155 crematories located throughout the United States (Cremation Association of
North America, 1996). 


Only one set of data are available for the average quantity of mercury emitted for a cremation in
the United States.  Tests were conducted for a propane-fired incinerator at a crematorium in California. 
Results of the testing for uncontrolled mercury emissions ranged from 3.84 x 10  to 1.46 x 10  kg/body-8 -6


burned (8.45 x 10  to 3.21 x 10  lb/body); the average mercury emission factor was 0.94 x 10  kg/body-8 -6 -6


burned (2.06 x 10  lb/body).  The test results were obtained from a confidential test report to the-6


Califonia Air Resource Board (FIRE, 1995).


Multiplying the number of cremations in the United States by the average emission factor results
in 1995 annual mercury emissions of 4.6 x 10  Mg (5.1 x 10  tons).-4 -4


4.2 Manufacturing Sources


Manufacturing sources, including processes that use mercury directly and those that produce
mercury as a byproduct, account for an estimated 14.4 Mg/yr (15.6 tons/yr) of mercury emissions
generated in the United States.  Emissions from these sources are presented in Table 4-9 and are
discussed below.


4.2.1 Chlor-alkali Production Using the Mercury Cell Process


Chlor-alkali production using the mercury cell process, which is the only chlor-alkali process
using mercury, accounted for 14.7 percent of all U.S. chlorine production in 1993 (Dungan, 1994). 
Although most chlor-alkali plants use diaphragm cells, the mercury cell is still in use at some facilities. 
Each mercury cell may contain as much as 3 tons of mercury, and there are close to 100 cells at each
mercury cell plant, making chlor-alkali plants a well-known source of mercury release.  As new plants 
and/or additional capacity is added, however, the chlor-alkali industry is moving away from mercury cell
production and toward a membrane cell process because the membrane cell process does not use mercury
and is more energy efficient than the mercury cell process (Rauh, 1991). Companies have 
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Table 4-9
Best Point Estimates of Mercury Emissions from Anthropogenic Manufacturing Sources:  1994-1995


Source Date of Data Uncertainty Basis for Emission EstimateMg/yr Tons/yr % of total


Emissions


a
Degree of


b


Chlor-alkali production 6.5 7.1 4.5 1994/1994 Medium Section 114 industry survey responses 


Portland cement manufacturing 4.4 4.8 3.1 /1994 Medium Test reports; Industry estimates for this source
category are 3.3 tons/yr; see Section 4.2.2


Pulp and paper manufacturing 1.7 1.9 1.2 /1994 High Test data


Instrument manufacturing 0.5 0.5 0.3 1973/1992 High Survey questionnaire responses


Secondary mercury production 0.4 0.4 0.3 1997/1994 High TRI data 


Electrical apparatus manufacturing 0.3 0.3 0.2 1973/1996 High Engineering judgment


Carbon black production 0.3 0.3 0.2 1980/1995 High Test data


Lime manufacturing 0.1 0.1 0.1 1986/1994 High Test data and mass balances


Primary lead smelting 0.1 0.1 0.1 1993/1994 High Test data


Primary copper smelting 0.06 0.06 0.0 1994/1994 High Test reports and engineering judgment


Fluorescent lamp recycling 0.005 0.006 0.0 1993/1993 High Test data and mass balances


Battery production 0.0005 0.0006 0.0 1986/1995 High Engineering judgment


Primary mercury production - - - - - Insufficient data to estimate emissions


Mercury compounds production - - - - - Insufficient data to estimate emissions


Byproduct coke production - - - - - Insufficient data to estimate emissions


Petroleum refining - - - - - Insufficient data to estimate emissions


Total 14.4 15.6 10.0


 Date that data emission factor is based on/Date of activity factor used to estimate emissions.a


 A "medium" degree of uncertainty means the emission estimate is believed to be accurate within + 25 percent.  A "high" degree of uncertainty means the emission estimate isb


believed to be accurate within + 50 percent.
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been waiting until major capital investments are required for current installations before converting to
processes that do not use mercury.  When chlor-alkali plants replace mercury cells with alternative
technologies, thousands of tons of mercury have to be disposed of as hazardous waste.  There is currently
no approved disposal method for mercury; only recovery/recycling of mercury is currently allowed under
RCRA.


Table 4-10 lists U.S. mercury-cell chlor-alkali production facilities and their capacities.  Figure
4-11 shows the location of these facilities across the U.S.  The chlor-alkali industry is the largest user of
mercury; however, the amount of chlorine produced using mercury cells has declined over the past 20
years (Cole et al., 1992).  According to the Chlorine Institute, there are 14 chlor-alkali plants that
currently use mercury cells compared to 25 facilities, 20 years ago (The Chlorine Institute, 1991).  There
are no plans for construction of new mercury-cell chlor-alkali facilities (Rauh, 1991).


The three primary sources of mercury air emissions are the (1) byproduct hydrogen stream,
(2) end box ventilation air and (3) cell room ventilation air.  The byproduct hydrogen stream from the
decomposer is saturated with mercury vapor and may also contain fine droplets of liquid mercury.  The
quantity of mercury emitted in the end box ventilation air depends on the degree of mercury saturation
and the volumetric flow rate of the air.  The amount of mercury in the cell room ventilation air is variable
and comes from many sources, including end box sampling, removal of mercury butter from end boxes,
maintenance operations, mercury spills, equipment leaks, cell failure, and other unusual circumstances
(U.S. EPA, 1984).


Mercury cell chlor-alkali facilities use pollution prevention methods to minimize mercury
emissions to the environment.  In the United States many facilities are installing thermal desorption or
alternate technology to reduce mercury discharges to land (hazardous waste disposal sites).  The amount
of training provided to employees and the number of inspections have been increased to reduce the
possibilities of mercury releases.  In addition, equipment has been upgraded to reduce the likelihood of
mercury spills (The Chlorine Institute, 1991).


The control techniques that are typically used to reduce the level of mercury in the hydrogen
streams and in the ventilation stream from the end boxes are these:  (1) gas stream cooling, (2) mist
eliminators, (3) scrubbers, and (4) adsorption on activated carbon or molecular sieves.  Mercury
emissions via the cell room air circulation are not subject to specific emission control measures. 
Concentrations are maintained, however, at acceptable worker exposure levels through good
housekeeping practices and equipment maintenance procedures (U.S. EPA, 1984).
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Table 4-10
1996 U.S. Mercury-Cell Chlor-Alkali Production Facilitiesa


Facility Location
Capacity,
10  Mg/yr3


Capacity,
10  tons/yr3


1994
emissionsb


Mg/yr


Georgia-Pacific Corp., Chemical
Division


Bellingham, WA 82 90 0.585


BF Goodrich, Chemical Group Calvert City, KY 109 120 0.382


Hanlin Group, Inc., LCP
Chemicals Division


Reigelwood, NC
Orrington, ME


48
76


53
80


0.497
0.264


ASHTA Chemicals, Inc. Ashtabula, OH 36 40 0.753


Occidental Petroleum
Corporation, Electrochemicals
Division


Deer Park, TX
Delaware City, DE
Muscle Shoals, AL


347
126
132


383
139
146


0.472
0.231
0.106


Olin Corporation, Olin
Chemicals


Augusta, GA
Charleston, TN


102
230


112
254


0.597
0.684


Pioneer Chlor Alkali Company,
Inc.


St. Gabriel, LA 160 176 N/Ac


PPG Industries, Inc., Chemicals
Group


Lake Charles, LA
New Martinsville, WV


233
70


256
77


0.558
0.513


Vulcan Materials Company,
Vulcan Chemicals Division


Port Edwards, WI 65 72 N/Ac


TOTAL 1,816 1,998 6.48  c


(7.14
tons/yr)


 SRI International, 1996a


 TRI emissions data (EPA, 1996b).b


N/A = Not available from survey questionnaires.  For the purposes of this inventory, it is assumed that facilities notc  


reporting mercury emissions emitted the average of the other facilities.  These assumed values are reflected in
the total.







Figure 4-11
Chlor-Alkali Production Facilities


The Mercury-Cell Chlor-Alkali Process


The mercury-cell chlor-alkali process consists of two electrochemical ceils, the electrolyzer and the
decomposer. A purified solution of saturated sodium or potassium brine flows from the main brine saturation section,
through the inlet end box and into the electrolyzer. The brine flows between stationary activated titanium anodes
suspended in the brine from above and a mercury cathode, which flows concurrently with the brine over a steel base
(U.S. EPA, 1984).


Chlorine gas is formed at the electrolyzer anode and is collected for further treatment. The spent brine is
recycled from the electrolyzer to the main brine saturation section through a dechlorination stage. Sodium is collected
at the electrolyzer cathode, forming an amalgam containing from 0.25 to 0.5 percent sodium. The outlet end box
receives the sodium amalgam from the electrolyzer, keeping it covered with an aqueous layer to reduce mercury
emissions. The outlet end box also allows removal of thick mercury “butter” that is formed through the outlet end box
into the second cell (the decomposer) (U.S. EPA, 1984).


The decomposer is a short-circuited electrical cell in an electrolytic sodium hydroxide solution. This cell has
the sodium amalgam as the anode and graphite or metal as the cathode. Water added to the decomposer reacts with the
sodium amalgam to produce elemental mercury, sodium hydroxide and hydrogen gas (a byproduct). The mercury,
stripped of sodium, is recirculated to the cell through the inlet end box. The caustic soda solution typically leaves the
decomposer at a concentration of 50 percent (by weight) and is filtered and further concentrated by evaporation. The
byproduct hydrogen gas may be vented to the atmosphere, burned as a fuel, or used as a feed material for other
processes (U.S. EPA, 1984).
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Gas stream cooling may be used as the primary mercury control technique or as a preliminary
removal step to be followed by a more efficient control device.  The hydrogen gas stream from the
decomposer exits at 93 to 127�C (200 to 260�F) and passes into a primary cooler.  In this indirect cooler,
a shell-and-tube heat exchanger with ambient temperature water is used to cool the gas stream to 32 to
43�C (90 to 110�F).  A knockout container following the cooler is used to collect the mercury.  If
additional mercury removal is desired, the gas stream may be passed through a more efficient cooler or
another device.  Direct or indirect coolers using chilled water or brine provide for more efficient mercury
removal by decreasing the temperature of the gas stream to 3 to 13�C (37 to 55�F).  Regardless of the
gas stream treated, the water or brine from direct contact coolers requires water treatment prior to reuse
or discharge because of the dissolved mercury in the liquid (U.S. EPA, 1984).


Mist eliminators (most commonly the filter pad type) can be used to remove mercury droplets,
water droplets, or PM from the cooled gas streams.  Particles trapped by the pad are removed by
periodically spraying the pad and collecting and treating the spray solution (U.S. EPA, 1984).


Scrubbers are used to absorb the mercury chemically from both the hydrogen stream and the end
box ventilation streams.  The scrubbing solution is either depleted brine from the mercury cell or a
sodium hypochlorite (NaOCl) solution.  These solutions are used in either sieve plate scrubbing towers
or packed-bed scrubbers.  Mercury vapor and mist react with the sodium chloride or hypochlorite
scrubbing solution to form water-soluble mercury complexes.  If depleted brine is used, the brine
solution is transferred from the scrubber to the mercury cell, where it is mixed with fresh brine, and the
mercury is recovered by electrolysis in the cell (U.S. EPA, 1984).


Sulfur- and iodine-impregnated carbon adsorption systems are commonly used to reduce the
mercury levels in the hydrogen gas stream if high removal efficiencies are desired.  This method requires
pretreatment of the gas stream by primary or secondary cooling followed by mist eliminators to remove
about 90 percent of the mercury content of the gas stream.  As the gas stream passes through the carbon
adsorber, the mercury vapor is initially adsorbed by the carbon and then reacts with the sulfur or iodine
to form the corresponding mercury sulfides or iodides.  Several adsorber beds in series can be used to
reduce the mercury levels to the very low parts per billion (ppb) range (U.S. EPA, 1984).


Mercury emissions data from chlor-alkali facilities were obtained from Clean Air Act
section 114 survey questionnaires (BF Goodrich, 1992; Georgia-Pacific, 1993; LCP Chemicals, 1993a;
LCP Chemicals, 1993b; Occidental, 1993; Olin Chemicals, 1993a; Olin Chemicals, 1993b; Pioneer Chlor
Alkali, 1993; PPG Industries, 1993a; PPG Industries, 1993b; Vulcan Materials, 1993).  The data reported
are for 1991.  Data are also available from the Toxic Release Inventory (TRI) (U.S. EPA, 1996). The
estimated mercury emissions were 6.5 Mg (7.1 tons) and included reported mercury emissions from 12
of the 14 mercury cell chlor-alkali production facilities listed in Table 4-11.  For the purposes of this
inventory, the two remaining facilities (Vulcan Materials and Pioneer Chlor Alkali) were assumed to
emit the average of the other 12 facilities because reported data were not available from either the CAA
section 114 survey questionnaires or the 1996 TRI.  


 4.2.2 Cement Manufacturing


United States cement kiln capacity data for 1990 showed a total of 212 U.S. cement kilns with a
combined total capacity of 73.5 x 10  Mg (81 x 10  tons) (U.S. EPA, 1993a).  Of this total, 201 kilns6 6


were active and had a total clinker capacity of 71.8 x 10  Mg (79.1 x 10  tons) (U.S. EPA, 1993a). 6 6


Because the majority (96 percent) of this cement was portland cement, portland cement production







processes and emissions are the focus of this section (U.S. EPA, 1993a). Total mercury emissions
from the portland  cement process are estimated to be 4.4 Mg (4.8 tons) per year. In 1990, 68 percent
of portland  cement was produced by the dry process and 32 percent by the wet process (Portland
Cement Association, 1991). The locations of active cement manufacturing plants in the continental
U.S. are shown in Figure 4-12.


The primary sources of mercury emissions from Portland cement manufacturing are expected to
be from the kiln and preheating/precalcining steps. Small quantities of mercury may be emitted as a
contaminant in the PM from process fugitive emission sources. Process fugitive emission sources
include materials handling and transfer, raw milling and drying operations in dry process facilities and
finish milling operations. Typically, PM emissions from these process fugitive sources are captured by
a ventilation system controlled with a fabric filter. No data are available on the ability of these systems
to capture mercury emissions from cement kilns.


In the pyroprocessing units, PM emissions are controlled by fabric filters and ESPs.. Clinker
cooler systems are controlled most frequently with pulse jet or pulse plenum fabric filters. No data are
available on the ability of these control systems to capture mercury emissions from cement kilns.


Figure 4-12
Cement Manufacturing Plants
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Mercury present in the raw material and the fuel is likely to be emitted from all four cement
processes summarized in the text box.  Cement kiln test reports were reviewed from a number of
facilities performing Certification of Compliance (COC) tests which are required of all kilns burning
waste-derived fuel (WDF).  Emission tests from two other kilns were also reviewed in this analysis.  In
all, 15 test runs provided enough information to calculate an emission factor (some of these were from
the same kiln).  This information included clinker production as well as mercury emission rates and
process conditions.


The mercury emissions discussed in this section for the manufacture of portland cement are only
for the use of fossil fuels and nonhazardous waste auxiliary fuels; mercury emissions from the use of
hazardous waste fuels burned at cement manufacturing facilities are accounted for in the calculation of
mercury emissions from hazardous waste combustors (Section 4.1.5).  


The principal sources of mercury emissions are expected to be from the kiln and
preheating/precalcining steps.  Negligible quantities of emissions would be expected in the raw material
processing and mixing steps because the only source of mercury would be fugitive dust containing
naturally occurring quantities of mercury compounds from the raw materials.  Processing steps that occur
after the calcining process in the kiln would be expected to be a much smaller source of emissions than
the kiln.  Potential mercury emission sources are denoted by solid circles in Figure 4-10.  Emissions
resulting from all processing steps include particulate matter.  Additionally, emissions from the
pyroprocessing step include other products of fuel combustion such as SO , NO , and CO.  Carbon2 x


dioxide from the calcination of limestone will also be present in the flue gas.


Cement kiln test reports have been reviewed by EPA (and its contractor) in its development of
the portland cement industry NESHAP, and by a private company.  Test reports for Certification of
Compliance (COC) emissions tests (required of all kilns burning hazardous waste derived fuel) and test
reports for facilities not burning hazardous waste (RTI, 1996; Gossman, 1996) were reviewed.  The
results from the Gossman study showed and average emission factor of 0.65 x 10  kg/Mg of clinker (1.3-4


x 10  lb/ton of clinker) for nonhazardous waste fuels The RTI study evaluated tests based on both-4


nonhazardous waste fuel and hazardous waste fuel.  For the hazardous waste tests, the mercury emissions
data were corrected to reflect only the mercury emissions originating from the fossil fuel and raw
material.  The emissions data for nonhazardous waste and the corrected hazardous waste were combined
and showed an average mercury emission factor of 0.65 x 10  kg/Mg of clinker (1.29 x 10  lb/ton of-4 -4


clinker).


4.2.3  Pulp and Paper Manufacturing


In the pulp and paper industry, wood pulp is produced from raw wood via chemical or
mechanical means or a combination of both.  When chemical pulping methods are used to produce pulp,
the chemicals used in the process are recycled for reuse in the process.  Combustion sources located in
the chemical recovery area of pulp and paper mills represent potential sources of mercury emissions. 


Four principal chemical wood pulping processes currently in use are (1) kraft, (2) soda, (3)
sulfite, and (4) semichemical.  (The semichemical process requires both chemical and mechanical
treatment of the wood.)  The kraft process is the dominant pulping process in the United States,
accounting for approximately 80 percent of the domestic pulp production.  Currently, there are estimated
to be 122 kraft, 2 soda, 15 sulfite, and 14 stand-alone semichemical pulp mills in the United States with
chemical recovery combustion (Nicholson, 1996; Soltis, 1995; McManus, 1996).
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The Portland Cement Manufacturing Process


The portland cement manufacturing process can be divided into four major steps:  raw material
acquisition and handling, kiln feed preparation, pyroprocessing, and finished cement grinding (U.S. EPA,
1993a).


The initial step in the production of portland cement manufacturing is acquiring raw materials,
including limestone (calcium carbonate) and other minerals such as silica.


Raw material preparation, the second step in the process, includes a variety of blending and sizing
operations designed to provide a feed with appropriate chemical and physical properties.  Raw material
processing differs somewhat for the "wet" and "dry" processes.  At dry process facilities, the moisture content
in the raw material, which can range between 2 and 35 percent, is reduced to less than 1 percent.  Heat for
drying is often provided by the exhaust gases from the pyroprocessor (i.e., kiln).  At facilities where the wet
process is used, water is added to the raw material during the grinding step, thereby producing a pumpable
slurry containing approximately 65 percent solids.  


Pyroprocessing (thermal treatment) of the raw material is carried out in a rotary kiln, which is the
heart of the Portland cement manufacturing process.  During pyroprocessing, the raw material is transformed
into clinkers, which are gray, glass-hard, spherically shaped nodules that range from 0.32 to 5.1 cm (0.125 to
2.0 in.) in diameter.


The rotary kiln is a long, cylindrical, slightly inclined, refractory-lined furnace.  The raw material
mix is introduced in the kiln at the elevated end, and the combustion fuels are introduced into the kiln at the
lower end, in a countercurrent manner.  The rotary motion of the kiln transports the raw material from the
elevated end to the lower end.  Fuel such as coal or natural gas (or occasionally oil) is used to provide energy
for calcination and sintering.  Other fuels, such as shredded municipal garbage, chipped rubber, petroleum
coke, and waste solvents are also being used more frequently.  Mercury is present in coal and oil and may
also be present in appreciable quantities in the waste-derived fuels mentioned above.  Because mercury
evaporates at approximately 350�C (660�F), most of the mercury present in the raw materials may be emitted
during the pyroprocessing step.  Combustion of fuel during the pyroprocessing step also contributes to
mercury emissions.  Pyroprocessing can be accomplished by one of four different processes:  wet process,
dry process, dry process with a preheater, and dry process with a preheater/precalciner.  These processes
accomplish the same physical and chemical steps described above.


The last step in the pyroprocessing is cooling the clinker.  This process step recoups up to 30 percent
of the heat input to the kiln system, locks in desirable product qualities by freezing mineralogy, and makes it
possible to handle the cooled clinker with conventional conveying equipment.  Finally, after the cement
clinker is cooled, a sequence of blending and grinding operations is carried out to transform the clinker into


Due to state and federal regulations for PM emissions, almost all chemical recovery combustion
units at kraft pulp mills (i.e., recovery furnaces, smelt dissolving tanks, and lime kilns) are equipped with
add-on PM control devices.  There are only limited emission test data from pulp and paper combustion
sources on the performance of these add-on controls for metals such as mercury.  However, data
collected from other combustion sources on the relative performance of add-on control devices for
metals indicate that systems that achieve the greatest PM removal also provide the best performance for
metals.  Therefore, particulate mercury may also be controlled to the same extent as PM.  Although no
data are available for confirmation, some of the mercury may be emitted from the control devices in
vapor form, especially from the electrostatic precipitators, which have higher outlet temperatures
compared to wet scrubbers.
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Mercury can be introduced into the pulping process through wood that is being pulped, in the
process water used in the pulping process, and as a contaminant in makeup chemicals added to the
process.  If the mercury is not purged from the process in wastewater or as dregs, it can accumulate in the
chemical recovery area and subsequently be emitted from the chemical recovery combustion sources. 
The amount of mercury emitted may depend on the degree to which the pulping process is tightly closed
(i.e., the degree to which process waters are recycled and reused). 


Nearly all of the mercury emissions from pulp and paper manufacturing are from kraft and soda
recovery processes (approximately 99.9 percent) (U.S. EPA, 1997).  To estimate the emissions, the firing
rate for each facility was multiplied by the emission factor for recovery furnaces (1.95x10  kg/Mg)-5


(Holloway, 1996).  Estimated emissions from all of the facilities were then summed together to arrive at
the 1996 estimated mercury emissions of 1.7 Mg (1.9 tons) per year for the inventory as a whole.


4.2.4 Instrument (Thermometers) Manufacturing


Mercury is used in many medical and industrial instruments for measurement and control
functions.  These instruments include thermometers, pressure-sensing devices and navigational devices. 
In 1992, an estimated 0.5 Mg (0.5 ton) of mercury was emitted from instrument manufacture; however,
this estimate should be used with caution as discussed below.


It is beyond the scope of this study to discuss all instruments that use mercury in some
measuring or controlling function.  Although there is potential for mercury emissions from all
instruments containing mercury, this section focuses only on the production of thermometers because
they represent the most significant use, are usually disposed of in household waste (U.S. EPA, 1992a),
and more information is available on thermometer manufacture than on the manufacture of other
instruments.


There are generally two types of clinical thermometers:  95 percent are oral/rectal/baby
thermometers, and 5 percent are basal (ambient air) temperature thermometers.  An oral/rectal/baby
thermometer contains approximately 0.61 grams of mercury and a basal thermometer contains
approximately 2.25 grams (U.S. EPA, 1992a).


During the production of thermometers, mercury emissions can be generated from mercury
purification and transfer, the mercury filling process, the heating-out/burning-off steps, and accidents
including spills of mercury and broken thermometers (U.S. EPA, 1997a).  Within the industry, vapor
emissions from mercury purification and transfer are typically controlled by containment procedures,
local exhaust ventilation, temperature reduction to reduce the vapor pressure, dilution ventilation, or
isolation of the operation from other work areas.  The bore sizing step can be modified to reduce the use
of mercury and be performed in an isolated room.  Other measures that may be applied to this step are
use of local exhaust ventilation, dilution ventilation and temperature control (U.S. EPA, 1997a).
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The Glass Thermometer Manufacturing Process


The production of glass thermometers begins by cutting glass tubes into required lengths and bore
sizes.  Next, either a glass or metal bulb, used to contain the mercury, is attached to the base of the tube.  The
tubes are filled with mercury in an isolated room.  A typical mercury filling process is conducted inside a bell
jar.  Each batch of tubes is set with open ends down into a pan, and the pan set under the bell jar, which is
lowered and sealed.  The tubes are heated to approximately 200�C (390�F), and a vacuum is drawn inside the
bell jar.  Mercury is allowed to flow into the pan from either an enclosed mercury addition system or a
manually filled reservoir.  When the vacuum in the jar is released, the resultant air pressure forces the
mercury into the bulbs and capillaries.  After filling, the pan of tubes is manually removed from the bell jar. 
Excess mercury in the bottom of the pan is refiltered and used again in the process (Reisdorf and D'Orlando,
1984).


Excess mercury in the tube stems is forced out the open ends by heating the bulb ends of the tubes in
a hot water or oil bath.  The mercury column is shortened to a specific height by flame-heating the open ends
(burning-off process).  The tubes are cut to a finished length just above the mercury column, and the ends of
the tubes are sealed.  All of these operations are performed manually at various work stations.  A temperature
scale is etched onto the tube, completing the assembly (Reisdorf and D'Orlando, 1984).


Disposal of thermometers also may result in releases.  There are currently no recycling efforts
underway for mercury thermometers.  The long life and small number of thermometers make a recycling
effort impracticable.  Mercury thermometers enter the waste stream by being discarded from residential
and clinical settings.  The thermometer is usually cracked or broken.  In 1989, an estimated 16.3 tons of
mercury were discarded in thermometers, or just over 2 percent of total discards of mercury (Kiser,
1991).  No information was available on how much of that total was land filled as opposed to incinerated
or the emissions generated from each.


No specific data for mercury emissions from manufacturing thermometers or any other
instrument containing mercury were found in the literature.  One 1973 U.S. EPA report, however, 
presents an emission factor of 9 kg of mercury emitted for each megagram of mercury used (18 lb/ton) in
overall instrument manufacture (Anderson, 1973).  This emission factor should be used with caution,
however, as it was based on survey responses gathered in the 1960s and not on actual test data. 
Instrument production and the mercury control methods used in instrument production have probably
changed considerably since the time of the surveys.


In 1992, 52 Mg (57 tons) of mercury was used in all instrument production (Anderson, 1973). 
Multiplying the emission factor above by the 1992 usage gives a mercury emission estimate of 0.5 Mg
(0.5 ton) for instrument manufacture.  Again, a large degree of uncertainty is associated with this
estimate because of the concerns about the reliability in the emission factor.


Trends in mercury emissions from thermometer use and production are relatively stable.  Since
1984, digital thermometers have begun to replace clinical mercury thermometers in clinics, hospitals and
doctors' offices.  It is expected that this trend will continue.  Mercury thermometers will continue to be
used in residential settings because of infrequent use and the higher cost for digital thermometers.  The
decrease in mercury thermometer use attributable to the switch to digital thermometers in professional
settings will likely be offset by an increase in mercury thermometers purchased due to increased
population.  The mercury content of thermometers will probably remain the same.  Overall mercury
entering the waste stream from thermometers will likely remain stable (U.S. EPA, 1992a).
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Secondary Mercury Production Processes


Secondary mercury production (recycling) can be accomplished by one of two general methods:  chemical
treatment or thermal treatment (U.S. EPA, 1997a).  The most common method of recycling metallic mercury is through
thermal treatment.  Generally, the mercury-containing scrap is reduced in size and is heated in retorts or furnaces at about
538�C (1000�F) to vaporize the mercury.  The mercury vapors are condensed by water-cooled condensers and collected
under water (Reisdorf and D'Orlando, 1984; U.S. EPA, 1984).


Vapors from the condenser, which may contain PM, organic compounds and possibly other volatile materials
from the scrap, are combined with vapors from the mercury collector line.  This combined vapor stream is passed through
an aqueous scrubber to remove PM and acid gases (e.g., hydrogen chloride [HCl], SO ).  From the aqueous scrubber, the2


vapor stream passes through a charcoal filter to remove organic components prior to discharging into the atmosphere
(U.S. EPA, 1984).


The collected mercury is further purified by distillation and then transferred to the filling area.  In the filling
area, special filling devices are used to bottle small quantities, usually 0.464 kg (1 lb) or 2.3 kg (5 lb) of distilled mercury. 
With these filling devices, the mercury flows by gravity through tubing from a holding tank into the flask until the flask
overflows into an overflow bottle.  The desired amount of mercury is dispensed into the shipping bottle by opening a
valve at the bottom of the flask.  The shipping bottle is then immediately capped after the filling and sent to the storage
area (Reisdorf and D'Orlando, 1984).


Chemical treatment can encompass several methods for aqueous mercury-containing waste streams.  To
precipitate metallic mercury, the waste stream can be treated with sodium borohydride or the stream can be passed through
a zinc-dust bed.  Mercuric sulfide can be precipitated from the waste streams by treatment with a water-soluble sulfide,
such as sodium sulfide.  Ion-exchange systems can be used to recover ionic mercury for reuse, while mercuric ions can be
trapped by treatment with chemically modified cellulose (Cammarota, 1975).


4.2.5 Secondary Mercury Production


Secondary mercury production (mercury recycling) involves processing scrapped mercury-
containing products, industrial waste and scrap, and scrap mercury from government stocks.  Secondary
mercury production is estimated to have accounted for approximately 0.4 Mg (0.4 tons) of mercury
emissions in 1995.  Major sources of recycled mercury include dental amalgams, scrap mercury from
instrument and electrical manufacturers (lamps and switches), wastes and sludges from research
laboratories and electrolytic refining plants, and mercury batteries (U.S. EPA, 1997a).  The recycling of
fluorescent lamps is discussed separately in Section 4.2.11.


There are two basic categories of secondary mercury production: recovery of liquid mercury
from dismantled equipment and mercury recovery from scrap products using extractive processes.  On an
annual basis, the total quantity of mercury recovered as liquid mercury is much greater than that
recovered by extractive processes.  Three areas have contributed to a large proportion of the liquid
mercury recovery category are: (1) dismantling of chlorine and caustic soda manufacturing facilities; (2)
recovery from mercury orifice meters used in natural gas pipelines; and (3) recovery from mercury
rectifiers and manometers.  In each of these processes, the liquid mercury is drained from the dismantled
equipment into containers and sold on the secondary mercury market.  The second category involves the
processing of scrapped mercury-containing products and industrial wastes and sludges using thermal or
chemical extractive processes because the mercury cannot be decanted or poured from the material.  One
mercury recycler (Bethlehem Apparatus Company) estimated that this second category accounted for 15
to 20 percent of the total mercury reported as recycled from industrial scrap in 1995.
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Table 4-11
1995 Major U.S. Mercury Recyclersa


Bethlehem Apparatus Company, Inc. Hellertown, PA


D. F. Goldsmith Chemical and Metals Corp. Evanston, IL


Mercury Refining Company, Inc. Albany, NY


 Plachy, 1997.a


In 1996, an estimated 446 Mg (492 tons) of mercury was recycled from industrial scrap.
According to the Mineral Industry Survey of Mercury, eight major companies were reported to be
involved in secondary mercury production using purchased scrap material (mercury recyclers) in 1996
(Plachy, 1997).  The three dominate companies in this market are listed in Table 4-11.  


Information on specific emission control measures is very limited and site specific.  If a scrubber
is used, mercury vapor or droplets in the exhaust gas may be recovered by condensation in the spray. 
There is no information to indicate that chemical filters would be effective in removing mercury vapors. 
No information was found for other control measures that are used in secondary mercury production
processes.  Concentration in the workroom air due to mercury vapor emissions from the hot retort may
be reduced by the following methods: containment, local exhaust ventilation, dilution ventilation,
isolation, and/or personal protective equipment.  No information was provided to indicate that these
systems are followed by any type of emission control device.  Vapor emissions due to mercury transfer
during the distillation or filling stages may be reduced by containment, ventilation (local exhaust or
ventilation), or temperature control.


During production of mercury from waste materials using an extractive process, emissions may
vary considerably from one type of process to another.  Emissions may potentially occur from the 
following sources: retort or furnace operations, distillation, and discharge to the atmosphere from the
charcoal filters.  The major mercury emission sources are due to condenser exhaust and vapor emissions
that occur during unloading of the retort chamber.  


Mercury Refining Company reported results from two emission test studies conducted in 1994
and 1995 that showed average mercury emissions of 0.85 kg/Mg (1.7 lb/ton) of mercury recovered
(U.S.EPA, 1996b).  In 1973, emission factors were estimated to be 20 kg (40 lb) per megagram (ton) of
mercury processed due to uncontrolled emissions over the entire process (Anderson, 1973).  


Mercury emission data were reported in the 1994 TRI only for Mercury Refining Company, Inc.,
in Albany, New York, and Bethlehem Apparatus Company in Hellertown, Pennsylvania.  Mercury
Refining reported plant emissions to the atmosphere of 116 kg (255 lb) for 1994, and Bethlehem
Apparatus reported plant emissions to the atmosphere of 9 kg (20 lb) for 1994.  The other major recycler,
D.F. Goldsmith, does not use extractive processes; their recycling is primarily from purchases of
mercury decanted from old equipment.  Mercury emissions data were not available for the other five
facilities.  
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To estimate mercury emissions from secondary mercury production, Bethlehem Apparatus and
Mercury Refining Company were assigned the emissions reported in the 1994 TRI and the remaining six
facilities were assigned the average of the emissions from the two reported facilities.  The result is an
estimated 1994 total mercury emissions of 0.4 Mg (0.6 tons).


4.2.6 Electrical Apparatus Manufacturing


Mercury is one of the best electrical conductors among the metals and is used in five areas of
electrical apparatus manufacturing:  electric switches, thermal sensing elements, tungsten bar sintering,
copper foil production, and fluorescent light production.  Overall mercury emissions from electrical
apparatus manufacturing were estimated to be 0.31 Mg (0.34 ton) in 1995.  No information on locations
of manufacturers of electrical apparatus that specifically contain mercury is available.


4.2.6.1 Electric Switches


The primary use of elemental mercury in electrical apparatus manufacturing is in the production
of electric switches (electric wall switches and electric switches for thermostats).  Wall switches consist
of mercury, metal electrodes (contacts) and an insulator in button-shaped metal cans.  Electric switches
containing mercury have been manufactured since the 1960s with approximately one million produced
annually.


The amount of mercury used for the manufacture of switches and thermostats decreased 50
percent from 155 tons in 1989 to 49 tons in 1996 (Plachy, 1997).  This decrease in mercury use for the
manufacture of electric switches may be attributable to the shift to solid state devices and other
alternatives.  The recent decrease in the construction of houses may have also contributed to the decrease
in mercury use for electric switch manufacture (Cole et al., 1992).


The amount of mercury disposed each year in electric switches compared to the amount of
mercury in electric switches in use is small.  One recent study estimated that 10 percent of switches are
discarded after 10 years, 40 percent after 30 years and the remaining 50 percent after 50 years (U.S.
EPA, 1992a).  Average unit life for mercury thermostats exceeds 20 years, with upgrading, remodeling
or building demolition being the principal causes for removal from service (National Electrical
Manufacturers Association, 1995).  In addition, a few will be discarded due to leakage or some other
failure.


Table 4-12 summarizes the discards of mercury in electric switches.  In these estimates it was
assumed that there is no recycling of mercury from discarded switches.  In 1994, however, Honeywell,
Inc., a major manufacturer of thermostats announced a pilot project in Minnesota to recycle mercury
thermostats.  Homeowners and contractors can send unneeded thermostats back to Honeywell so the
mercury can be removed and recycled.  In addition, in 1995, U.S. EPA announced a "Universal Waste
Rule" (which includes thermostats) that effectively allows for the transportation of small quantities of
mercury from specific products.  This ruling is intended to encourage recycling.  Until programs such as
these are fully implemented, it is unclear how much the mercury discards from this type of product will
decline in MSW.
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Electric Switch Manufacturing Process


The wall switches are manufactured by first assembling a component consisting of a metal ring, a
glass preform, a ceramic center, and a center contact.  This subassembly is then transferred to a rotating
multistation welding machine, located in an isolation room, where it is filled with approximately 3 g
(0.11 oz.) of mercury.  The filled subassembly is placed in the button-shaped can, evacuated, and welded
shut.  The assembled buttons then leave the isolation room and are cleaned, zinc-plated and assembled with
other components to form the completed wall switches (Reisdorf and D'Orlando, 1984).


Thermostat switches are constructed using a short glass tube with wire contacts sealed in one end of
the tube.  First, metal electrodes (contacts) are inserted into small tubes.  The tubes are then heated at one
end, constricted and crimped closed around the electrodes (sealing the electrodes into the glass tube), and the
apparatus is cleaned.  The subassembly is then transferred to the isolation fill room where mercury is added. 
The open end of the mercury-filled tube is then heated, constricted and sealed.  The filled tubes then leave the
isolation room, and wire leads are attached to the electrode contacts, which completes the switch assembly
(Reisdorf and D'Orlando, 1984).


During electric switch manufacture, mercury may be emitted during welding or filling operations, as
a result of spills or breakage, during product testing, and as a result of product transfer.  Often, emissions can
be controlled by using effective gaskets and seals to contain mercury in the process streams.  Also, good
work practices, such as discarding rejected and broken switches under water and reducing the temperature in
the fill room, can effectively suppress mercury vaporization.  Furthermore, local exhaust ventilation, custom-
designed to fit specific equipment, can reduce mercury vapor and mercury PM (Reisdorf and D'Orlando,
1984).


4.2.6.2 Thermal Sensing Instruments and Tungsten Bar Sintering


A thermal sensing instrument consists of a temperature-sensing bulb, a capillary tube, a mercury
reservoir and a spring-loaded piston.  The bulbs are made by cutting metal tubing to the correct size,
welding a plug to one end of the tube and attaching a coupling piece to the other end.  A capillary is cut
to a specified length and welded to the coupling at the open end of the bulb.  The other end of the
capillary is welded to a "head" that houses the mechanical section of the sensor.  The bulb and capillary
assembly are filled with mercury by a multistation mercury filling machine that is housed in a ventilated
enclosure.  After filling, the sensor is transferred to a final assembly station, where a return spring and
plunger are set into a temporary housing on the head of the sensor.  In order to complete the temperature
instrument, the sensor is then attached to a controller and/or indicating device (Reisdorf and D'Orlando,
1984).


Mercury is also used in tungsten bar sintering.  Tungsten is used as a raw material in
manufacturing incandescent lamp filaments.  The manufacturing process starts with tungsten powder
pressed into long, thin bars of a specified weight.  These bars are presintered and then sintered using a
high-amperage electrical current.  During the tungsten bar sintering process, mercury is used as a
continuous electrical contact.  The mercury contact is contained in pools (mercury cups) located inside
the sintering unit.


After the sintering process is completed, the bars are cooled to ambient temperature to determine
the density of the tungsten bar.  Metallic mercury is normally used in these measurements because of its
high specific gravity.  In order to calculate the density of the tungsten bar, the tungsten 
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Table 4-12
Discards of Mercury in Electric Switchesa


Year
Electric Switch Production Weight of Mercury in


Switches (tons)
Weight of Mercury Discarded in


MSW (tons)


1987 1,000,000 3.9 0.39


1988 1,000,000 3.9 0.39


1989 1,000,000 3.9 0.39


1995 1,000,000 3.9 1.93


2000 1,000,000 3.9 1.93


 U.S. EPA, 1992a.                                     a


bars are dipped into a pool of mercury and the weight of the displaced mercury is determined.  When the
bar is removed from the mercury pool, the mercury is brushed off into a tray of water that is placed in
front of the pool (Reisdorf and D'Orlando, 1984).


No specific information on emission control measures for thermal sensing elements and tungsten
bar sintering was found in the literature.  It is assumed that mercury is emitted during the filling process
for thermal sensing elements and during sintering and final density measurements for tungsten bar
sintering (U.S. EPA, 1997a).


4.2.6.3 Copper Foil Production


High-purity copper foil, used as a laminate in printed circuit boards, is produced by an
electrodeposition process using mercury as the electrical contacts.  The initial step in the foil production
process is the dissolution of scrap copper in sulfuric acid to form copper sulfate.  The solution is then fed
to the plating operation, where the copper ions are electrodeposited on rotating drums as copper metal. 
During the electrodeposition process, a current passes between a lead anode and a rotating drum cathode. 
As the drum rotates, the copper metal is electrodeposited on the drum surface in the form of a continuous
thin foil sheet.  The rotating drum requires using a rotating electrical contact between the electrical
connection and the drum surface.  Elemental mercury is used as the continuous contact between the
rotating shaft of the drum and the electric connections.  The liquid mercury is contained in a well located
at one end of the rotating drum shaft (Reisdorf and D'Orlando, 1984).


During copper foil production, mercury can be emitted from the drum room and the treatment
room of the copper plating process.  Ventilated enclosures, with exhaust gases directed to mercury vapor
filters, can be used to control mercury emissions, as can reducing the temperature of the mercury wells
(Reisdorf and D'Orlando, 1984).
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4.2.6.4 Fluorescent Lamps


All fluorescent lamps contain elemental mercury as mercury vapor inside the glass tube. 
Mercury has a unique combination of properties that make it the most efficient material for use in
fluorescent lamps.  Of the 500-600 million mercury-containing lamps sold in the United States annually,
approximately 96 percent are fluorescent lamps.  It is estimated in that approximately the same amount
of lamps are disposed of on an annual basis (National Electrical Manufacturers Association, 1992).  In
fluorescent lamp production, precut glass bulbs are washed, dried and coated with a liquid phosphor
emulsion that deposits a film on the inside of the lamp bulb.  Mount assemblies are fused to each end of
the glass lamp bulb, which is then transferred to an exhaust machine.  On the exhaust machine, the glass
bulb is exhausted and 15 to 250 mg (3.3 x 10  to 5.5 x 10  lb) of mercury is added.  Some of the-5 -4


mercury combines with the emulsion on the interior of the bulb and remains there over the life of the
bulb.  The glass bulb is filled with an inert gas and sealed.  After the lamp bulbs are sealed, metal bases
are attached to the ends and are cemented in place by heating.


The names and division headquarters of the fluorescent lamp manufacturers in the United States
in 1995 are shown in Table 4-13 (U.S. EPA, 1997a).


Table 4-13
1995 U.S. Fluorescent Lamp Manufacturers' Headquartersa


Company Division headquarters


Duro-Test Corp. North Bergen, NJ
General Electric Cleveland, OH
OSRAM Corp. Montgomery, NYb


Philips Lighting Company Somerset, NJ


 U.S. EPA, 1997a.a


 National Electrical Manufacturers Association, 1995.b


During fluorescent lamp manufacturing, mercury can be emitted by transfer and parts repair
during mercury handling; by the mercury injection operation; and from broken lamps, spills and waste
material.  Mercury air levels during lamp production steps are reduced by process modifications,
containment, ventilated enclosures, local exhaust ventilation, and temperature control (Reisdorf and
D'Orlando, 1984).


4.2.6.5 Emissions Summary for Electrical Apparatus Manufacturing


While mercury may be emitted from all of the aforementioned areas of electrical apparatus
manufacturing, no specific data for mercury emissions from these areas were found in the literature and
no emission test data were available to calculate mercury emissions from each area.  One 1973 U.S. EPA
report presents an emission factor of 4 kg of mercury emitted for each megagram of mercury used
(8 lb/ton) in overall electrical apparatus manufacture (Anderson, 1973).  This factor only pertains to
emissions generated at the point of manufacture.  This emission factor should be used with extreme
caution, however, as it was based on engineering judgment and not on actual test data and because
production and mercury control methods have probably changed considerably since 1973 to prevent
waste and limit worker exposure.  The emission factor may, therefore, substantially overestimate
mercury emissions from this source.
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In 1996, 78 Mg (86 tons) of mercury were used in all electrical apparatus production (29 Mg
[32 tons] for electric lighting and 49 Mg [54 tons] for wiring devices and switches) (Plachy, 1997).
Multiplying the emission factor above by the 1992 usage gives a mercury emission estimate of 0.31 Mg
(0.34 ton) for electrical apparatus manufacture.  Because of the lack of reliability of the emission factor,
a high degree of uncertainty is associated with this emission estimate.


4.2.7 Carbon Black Production


The majority of U.S. manufactured carbon black (over 98 percent) is produced using a highly
aromatic petrochemical or carbochemical heavy oil feedstock containing mercury.  In 1995, mercury
emissions from carbon black production were estimated to be 0.25 Mg (0.28 ton).  This estimate is
expected to be an overestimate because it is based on production capacity and not on actual production. 
Table 4-14 lists the names, locations and annual capacities of U.S. producers of carbon black in 1995
(SRI International, 1996).  The geographic distribution of these facilities is shown in Figure 4-13.


High-performance fabric filters are reported to be used to control PM emissions from main
process streams during the manufacture of carbon black.  The fabric filters can reduce PM emissions to
levels as low as 6 milligrams per normal cubic meter (mg/Nm ) (0.003 gr/dscf).  Mercury emissions from3


the reactor are primarily in the vapor phase, and these emissions will proceed through the main process
streams to the fabric filters as a vapor.  If the mercury remains in the vapor phase, the mercury control
efficiency of the fabric filters is expected to be low.  If the product gas stream is cooled to below 170�C
(325�F), the fabric filter may capture a significant fraction of the condensed mercury, thus providing
some degree of emission control (Taylor, 1992).


Mercury, which is present in the oil feedstock, can be emitted during the pyrolysis step.  No data
are available, however, on the performance of the fabric filter control systems for mercury emissions. 
The only available data are for emissions from the oil-furnace process.  These data show mercury
emission to be 1.5 x 10-4 kg/Mg (3 x 10  lb/ton) from the main process vent (Serth and Hughes, 1980). -4


The source of these data could not be obtained in order to validate  the emission factors.  Because the
factors are not verified, they are considered to be of limited reliability.


In 1995, the total capacity for carbon black production was 1.66 x 10  Mg (1.83 x 10  tons) (SRI6 6


International, 1996).  Multiplying the total capacity by the emission factor above gives a mercury
emission estimate of 0.25 Mg (0.28 tons).  This estimate may be greater than the actual emissions
estimate because it is based on production capacity and not on actual production.  On the other hand, this
estimate may understate the actual mercury emissions because the data are from the oil-furnace process
only and not the main process streams.
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Table 4-14
1992 U.S. Carbon Black Production Facilitiesa


Company Location Type of
processb


Annual capacityc


10  Mg3 10  tons3


Cabot Corporation, North
American Rubber Black
Division


Franklin, Louisiana F 141 178


Pampa, Texas F 29 33


Villa Platte, Louisiana F 100 110


Waverly, West Virginia F 91 100


Chevron Corporation,
Chevron Chemical Company,
subsidiary, Olevins and
Derivatives Division


Cedar Bayou, Texas A 9 10


Degussa Corporation Arkansas Pass, Texas F 54 60


Belpre, Ohio F 54 60


New Iberia, Louisiana F 109 120


Ebonex Corporation Melvindale, Michigan C 4 4


Engineered Carbons, Inc. Baytown, Texas F 86 95


Borger, Texas F and T 102 112


Orange, Texas F 61 67.5


General Carbon Company Los Angeles, California C 0.5 0.5


Hoover Color Corporation Hiwassee, Virginia C 0.5 0.5


Phelps Dodge Corporation
Colombian Chemical Company,
subsidiary


El Dorado, Arkansas F 57 63


Moundsville, West Virginia F 88 98


North Bend, Louisiana F 100 110


Ulysses, Kansas F 36 40


Sir Richardson Carbon
Company


Addis, Louisiana F 120 133


Big Spring, Texas F 54 60


Borger, Texas F 129 143


Witco Corporation
Continental Carbon Company,
subsidiary


Phenix City, Alabama F 36 40


Ponca City, Oklahoma F 120 133


Sunray, Texas F 59 65


TOTAL 1,660 1,830


 SRI International, 1996.a


 A = acetylene decomposition; F = furnace; C = combustion; T = thermal.b


 Capacities are variable and based on SRI estimates as of January 1, 1996.c







Figure 4-13
Carbon Black Manufacturing Facilities


The Carbon Black Production Process


Three primary raw materials used in the production of carbon black are preheated
feedstock (either the petrochemical oil or carbochemical oil), which is preheated to a temperature
between 150 and 250°C (300 and 480”F),  preheated air and an auxiliary fuel such as natural gas.
A turbulent, high-temperature zone is created in the reactor by combusting the auxiliary fuel, and
the preheated oil feedstock is introduced in this zone as an atomized spray. In this zone of the
reactor, most of the oxygen is used to bum the auxiliary fuel, resulting in insufficient oxygen to
combust the oil feedstock. Thus, pyrolysis of the feedstock is achieved, and carbon black is
produced. Most of the mercury present in the feedstock is emitted in the hot exhaust gas from the
reactor (Taylor, 1992; Yen, 1975).


The product stream from the reactor is quenched with water, and any residual heat in the
product stream is used to preheat the oil feedstock and combustion air before the carbon is
recovered in a fabric filter. Carbon recovered in the fabric filter is in a fluffy form. The fluffy
carbon black may be ground in a grinder, if desired. Depending on the end use, carbon black
may be shipped in fluffy form or in the form of pellets. Pelletizing is done by a wet process in
which carbon black is mixed with water along with a binder and fed into a pelletizer. The pellets
are subsequently dried and bagged prior to shipping (Taylor, 1992; Yen, 1975).
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4.2.8 Lime Manufacturing


Lime is produced in various forms, with the bulk of production yielding either hydrated lime or
quicklime.  In 1994, producers sold or used 17.4 x 10 Mg (19.2 x 10 tons) of lime produced at6 6


109 plants in 33 States and Puerto Rico.  The 1994 production represented a 3.6 percent increase over
1993 production.  The leading domestic uses for lime include steelmaking, flue gas desulfurization, pulp
and paper manufacturing, water purification, and soil stabilization (Miller, 1996).  Total mercury
emissions from lime manufacturing are estimated to be 0.1 Mg (0.1 tons) per year.


Table 4-15 identifies the top 10 lime-producing plants in the United States, in order of total
output for 1994 (Miller, 1996).  Lime production is geographically concentrated as demonstrated by
1989 production data, when 63 percent of the U.S. total was produced in seven States (in order of
decreasing production:  Missouri, Ohio, Pennsylvania, Alabama, Kentucky, Texas and Illinois) (Bureau
of Mines, 1991).


Fuels, including primarily coal, oil, petroleum coke, or natural gas, are used to provide the
energy for calcination.  Petroleum coke is usually used in combination with coal.  Auxiliary fuels may
include shredded municipal garbage, chipped rubber, or waste solvent.  Mercury is expected to be
present in the coal, oil, and possibly in appreciable quantities in any waste-derived fuels.  Any mercury
emitted from fuel combustion will occur during the calcination step and will be discharged as vapor kiln
exhausts.


The quicklime that is produced by calcination can be hydrated with water to produce hydrated
lime or slaked lime (Ca(OH) ).  The hydration step may be immediately preceded by some crushing,2


pulverizing and separation of dolomitic quicklime to form high calcium and dolomitic quicklime.  These
processes and handling, storage and transfer are not likely sources for mercury emissions during lime
production.


Air pollution control devices for lime kilns are primarily used to recover product or control
fugitive dust and PM emissions.  Calcination kiln exhaust is typically routed to a cyclone for product
recovery and then routed through a fabric filter or ESPs to collect fine particulate emissions.  Other
emission controls found at lime kilns include wet scrubbers (typically venturi scrubbers).  How well
these various air pollution control devices perform relative to vapor phase mercury emissions in lime
production is not well documented.  The control efficiencies are expected to be similar to those observed
in the production of portland cement, however, because of the similarities in the process and control
devices.
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Table 4-15
Lime Producers in the U.S. in 1994


No. of Lime production x 10  Mg (x 10  tons)3 3


State plants Hydrateda Quicklimea Totala


Alabama 4 184 (203) 1,470
(1,620)


1,660 (1,829)


Arizona, Nevada, Utah 8 243 (268) 1,570
(1,730)


1,810 (1,995)


California 7 26 (29) 178 (196) 203 (224)


Colorado, Montana,
Wyoming


10 -- (--) 335 (369) 335 (369)


Idaho, Oregon, Washington 8 25 (28) 597 (658) 622 (685)


Illinois, Indiana, Missouri 8 464 (511) 2,910
(3,207)


3,380 (3,725)


Iowa, Nebraska, South
Dakota 


5 W  (W)b W (W) (242)  (267)c


Kentucky, Tennessee, West
Virginia


5 132 (145) 1,800
(1,984)


1,930 (2,127)


Michigan 9 26 (29) 611 (673) 637 (702)


North Dakota 3 -- (--) 108 (119) 108 (119)


Ohio 9 W (W) W (W) (1,850) (2.039)c


Pennsylvania 8 263 (290) 1,330
(1,466)


1,590 (1,752)


Puerto Rico 1 23 (25) <0.5 (<0.6) 23 (25)


Texas 6 471 (519) 740 (815) 1,210 (1,333)


Virginia 5 121 (133) 621 (684) 742 (818)


Wisconsin 4 124 (137) 383 (422) 507 (559)


Otherd 9 213 (235) 2,430
(2,678)


2,640 (2,909)


Total 109 2,310
(2,546)


15,100
(16,640)


17,400 (19,175)


Source: Miller, 1996.
 Metric ton data rounded by the U.S.G.S. to three significant digits; may not add to totals shown.a


 Witheld to avoid disclosing company proprietary data; included in �Other� category.b


 Total included in total for �Other� category.c


 Includes Arkansas, Louisiana, Massachusetts, Minnesota, Oklahoma, and data indicated by �W�.d
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Table 4-16
1994 U.S. Primary Lead Smelters and Refineriesa


Smelter Refinery 1994 Lead Production
Tons (Megagrams)


ASARCO, East Helena, MT ASARCO, Omaha, NEb 65,800 (72,500)


ASARCO, Glover, MO ASARCO, Glover 125,000 (137,800)


Doe Run (formerly St. Joe) Doe Run, Herculaneum, MO 200,000 (220,400)


 Source:  Smith, 1996.a


 Closed permanently for lead refining as of May 31, 1996.  There is limited refinery capacity at East Helena, MT.b


4.2.9 Primary Lead Smelting


Primary lead smelters recover lead from a sulfide ore, which may contain mercury.  The smelters
emitted an estimated 0.10 Mg (0.11 tons) of mercury into the atmosphere in 1994.  Table 4-16 lists the
locations and 1994 production rates of the two primary lead smelters that are currently operating in the
United States; the locations of these smelters are displayed in Figure 4-14.


Primary lead smelters use high-efficiency emission control systems to reduce the levels of PM
and SO  from the blast furnace and sintering machines.  Centrifugal collectors (cyclones) are 2


used in conjunction with baghouses or ESPs for PM control.  Control of SO  emissions from sintering is2


achieved by absorption to form sulfuric acid in the sulfuric acid plants, which are commonly part of lead
smelting plants.  Because mercury is emitted from these as a vapor and these PM control systems often
operate at temperatures at which mercury has a significant vapor pressure, these PM control devices are
expected to have little effect on mercury emissions from the sintering machine and blast furnace.  In
contrast, sulfuric acid plants are expected to be relatively well controlled for mercury because of the low
temperatures and high particulate removal efficiency of the APC device.  No data are available, however,
on performance of these systems with respect to mercury emissions (U.S. EPA, 1988).


Mercury, which may be present in the ore, may be emitted during the sintering and blast furnace
steps and in the drossing area because these processes take place at high temperatures.


No recent mercury emission factors are available for the two currently operating primary lead
smelters; none of the three primary lead smelters reported mercury emission data in the 1994 TRI.  The
only available mercury emission factors were provided by industry for a custom smelter operated by
ASARCO in El Paso, Texas which ceased operating in 1985 (Richardson, 1993).  Because the El Paso
facility data were based on ores with a variable mercury content, and the current major sources of lead
ore have a very low mercury content, use of those emission factors will lead to an overestimation of 
current emissions.  A better estimating method is to use the actual mercury content of the ore and 
emissions based on those data.  The major domestic source of lead ore concentrate is from the southeast
Missouri area near the Glover and Herculaneum smelters.  Data on mercury content estimate in lead







Figure 4-14
Primary Lead Smelters


The Primary Lead Smelting Process


Recovery of lead from the lead ore in primary lead smelters consists of three main steps: sintering, reduction
and refining. The sintering machine, which converts lead sulfide in the ore to lead and lead oxide, is a continuous steel
pallet conveyor belt. Each pallet consists of perforated grates, beneath which are wind boxes connected to fans to
provide a draft through the moving sinter charge. The sintering reactions on the grate take place at about 1000°C
(1832°F). Because mercury and its compounds volatilize below this temperature, most of the mercury present in the
ore is emitted as a vapor in the sintering machine exhaust gas as elemental mercury or as mercuric oxide.


Reduction of the sintered lead is carried out in a blast furnace at a temperature of 1600°C (2920°F). The
furnace is charged with a mixture of sinter (80 to 90 percent of charge), metallurgical coke (8 to 14 percent of charge)
and other materials, such as limestone, silica, litharge, and other slag-forming constituents. In the blast furnace, the
lead sulfate and lead oxide in sinter is reduced to lead. The heat for the reaction is supplied by the combustion of coke.
Impurities are removed from the furnace as slag, which is either processed at the smelter for its metal content, shipped
to treatment facilities, or landfilled.  The impurities include arsenic, antimony, copper, and metal sulfides and silicates.
Lead bullion, which is the primary product, undergoes a preliminary treatment to remove impurities, such as copper,
sulfur, arsenic, antimony, and nickel, before carrying out further refining. Any residual mercury left in the ore after
sintering will be emitted during the reduction step (U.S. EPA, 1988).


The lead bullion is refined in cast iron kettles. Refined lead, which is 99.99 to 99.999 percent pure is cast
into pigs for shipment (U.S. EPA, 1988). Mercury emissions from refining operations are expected to be negligible.
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concentrates from this area indicate the mercury concentration to be less than 0.2 ppm (Richardson,
1993).  Based on this concentration, the mercury content is estimated to be 0.4 x 10  pounds of mercury-3


per ton of ore concentrate.  Particulate matter (PM) emission factors were used with a mercury
concentration of 0.2 ppm to estimate 1994 mercury emissions.  The estimated 1994 lead in ore
concentrate quantity was 3.7 x 10  Mg (4.07 x 10  tons) (Smith, 1996).  Based on background5 5


information in the NSPS for lead smelters, 100 units of ore yields 10 units of ore concentrate, 9 units of
sinter, and 4.5 units of refined lead (EPA, 1974).  The following PM emission factors from AP-42 (EPA,
1995b) were used for 3 emission sources in the process:


� sinter machine (weak gas): 0.051 kg/Mg (0.10 lb/ton) of sinter produced
� sinter building fugitives: 0.118 kg/Mg (0.24 lb/ton) of sinter produced
� blast furnace: 0.21 kg/Mg (0.43 lb/ton) of bullion


Combining these PM figures with the mercury content and ore fractionation figures above to calculate
emissions from these 3 processes, the upper limit for total mercury emissions from primary lead smelting
was estimated to be 0.10 Mg (0.11 tons) per year.


4.2.10 Primary Copper Smelting


Copper is recovered from a sulfide ore principally by pyrometallurgical smelting methods.  The
ore contains significant quantities of arsenic, cadmium, lead, antimony and mercury.  Table 4-17 gives
the locations and 1996 production capacities of primary copper smelters currently operating in the United
States; these smelter locations are displayed in Figure 4-15.


Copper smelters use high efficiency air pollution control options to control PM and SO2


emissions from smelting furnaces and convertors.  Electrostatic precipitators are the most common PM
control device at copper smelters.  Control of SO  emissions is achieved by absorption to sulfuric acid in2


the sulfuric acid plants, which are common to all copper smelters.


A recent analysis of the seven copper smelters currently operating in the U.S. has been
performed.  Mercury emission rates from these seven smelters are presented in Table 4-18 along with the
mercury concentration of ore.  These data, self-reported by industry, show that emissions range from less
than 1 lb/year to 40 lbs/year.  These emission rates are based on both stack testing and engineering
judgment.  As a result, the U.S. EPA estimates 1994 nationwide mercury emissions from primary copper
smelters to be about 0.06 Mg/year (0.06 tons/year).
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Table 4-18
Mercury Ore Concentrate and Emissions from


Primary Copper Smelters in the U.S.


Smelter Mercury in Ore Mercury Basis of
Concentrate Emissions Emission Values


lb/yr lb/yr


ASARCO - El Paso 1,769 1.8 Emissions Test


ASARCO - Hayden 2,444 35 Emissions Test and
Engineering Judgment


Copper Range 940 1,951 Emissions Testb


Cyprus Miami CBI 34 Emissions Testa


Kennecott NA 35 Emissions Test anda


Engineering Judgment


BHP Copper Co. 2,240 40 Emissions Test and
Engineering Judgment


Phelps Dodge-Hidalgo 5,768 0.09 Engineering Judgment


Phelps Dodge-Chino 585 7.5 Engineering Judgment


 CBI means Confidential Business Information that is unavailable to the public.  NA means not available.a


Ceased operation in February 1995.b 
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The Primary Copper Smelting Process


The copper smelting process sequentially involves drying ore concentrates, smelting of ore concentrates to
produce matte, converting matte to produce blister copper, and fire refining the blister copper in an anode furnace.  After
fire refining, the 99.5 percent pure copper is cast into "anodes" and sent to an electrolytic refinery for further impurity
removal (Buonicore and Davis, 1992).


All of the currently operating copper smelters use either fluid bed or rotary kiln dryers to dry the concentrate. 
Temperatures in the dryer are not high enough to vaporize any mercury in the ore concentrate.  Roasting of ores is no
longer used because the off gases from the roasting process were too low in SO  to be processed in the sulfuric acid plant.2


Smelting produces a copper matte by melting the hot ore concentrates with siliceous flux in a furnace.  The
mattes produced by domestic smelters range from 35 to 65 percent copper.  Smelting furnace technologies operate at
temperatures well above the boiling point of mercury with operating ranges as high as 2500�C (4530�F).  Any mercury
contained in the concentrate will likely be emitted during the flash smelter process step and directed to the sulfuric acid
plant (Buonicore and Davis, 1992).  The gas stream to the sulfuric acid plant passes through three to five control devices,
such as dry ESPs, cyclones, scrubbing towers, cooling towers and acid mist ESPs.  These control devices are required to
remove metal impurities to prevent destruction of the catalyst in the acid plant.  Any mercury volatilizing in the smelting
furnace is removed in these multistage control systems and in the sulfuric acid plant.  Limited data on sulfuric acid plant
sludges show that the mercury is present in measurable concentrations.  This mercury is recycled back to the flash
converter and vaporized again into the control system.  This appears to set up an internal recycling loop for the mercury,
which is ultimately discarded with the solid waste.


The final step in the production of molten "blister" copper is converting.  Converting eliminates remaining iron
and sulfur impurities, leaving 98.5 to 99.5 percent pure copper.  Converting involves molten matte, siliceous flux and
scrap copper being charged in a rotating cylindrical shell, where air or oxygen rich air is blown through the molten matte. 
Blowing and slag skimming are repeated until relatively pure Cu S, called "white metal" accumulates in the bottom of the2


converter.  A renewed air blast then oxidizes the copper sulfide to SO , leaving blister copper.  Blister copper is then2


removed and transferred to refining facilities.  Further purification may involve fire refining and electrolytic refining
(Buonicore and Davis, 1992).


4.2.11 Fluorescent Lamp Recycling


In order to reduce the net amount of mercury released to the environment, recycling of
fluorescent lamps has become a more common practice.  The recycling process begins with the crushing
of the lamps to extract the white phosphor powder in them, which contains the bulk of mercury in lamps. 
Lamps can be crushed either by a mobile crushing unit at the point of collection, or by a centralized
stationary crushing unit.  Mercury emissions from crushing operations may be reduced using a vacuum
collection system.  In a vacuum collection system, air is passed through a cyclone to remove glass
particles, followed by a filter to remove the phosphor powder, and a carbon adsorber to capture the
mercury vapor, before being exhausted (Battye et al., 1994).


Mercury is recovered from crushed lamps by heating the crushed material to vaporize the
mercury and then cooling the off gas stream to condense liquid elemental mercury (Battye et al., 1994). 
This can be accomplished in closed vessels called retorts or in open-hearth furnaces, ovens, or rotary
kilns referred to as roasters.  Retorting generally gives higher recovery rates than does roasting and is
well suited to wastes containing volatile forms of mercury (Battye et al., 1994).
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Because fluorescent lamp recycling and lamp breakage are considered separate source categories
in this study, it is difficult to categorize facilities which perform only the crushing operation and send the
recovered powders to other facilities to perform the mercury extraction.  According to industry sources,
this difficulty is compounded by the fact that many of the lamp crushing facilities deal not only with
lamp bulbs but also other types of mercury scrap.  There are approximately six or seven such sites in
Florida, seven in Ohio, three or four each in California, Wisconsin and Minnesota, and some in
Louisiana, New York, and Texas (Lawrence, 1997).


As presented previously in Figure 3-1, 2 percent of fluorescent lamps are estimated to be
recycled each year.  Industry estimates that 75 million lamps will be recycled in 1997, representing 12.5
percent of the 500-600 million lamps which are disposed (O’Connell, 1997).  Air emission and mass
balance information for fluorescent lamp recycling facilities was only available from one company. 
Based on this information, it was determined that only 1 percent of the mercury entering the recycling
facility is emitted.  This is equal to 0.005 Mg, or 0.02 percent of the mercury entering the MSW system
(Truesdale, 1993). 


4.2.12 Battery Production


Historically, mercury has been used in batteries for two purposes.  The first use is as a
component in the zinc-mercury amalgam used as the anode in mercury oxide (also known as mercury-
zinc) and alkaline batteries and as a component in the cathode of mercury oxide batteries.  The second
use was to inhibit side reactions and corrosion of the battery casing material in carbon-zinc and alkaline
batteries.  Prior to the late 1980s, most primary batteries and some storage batteries contained mercury in
the form of mercuric oxide (HgO), zinc amalgam (Zn-Hg), mercuric chloride (HgCl ), or mercurous2


chloride (Hg Cl ) (White and Jackson, 1993).  As a result of technological improvements made by the2 2


battery industry, the use of mercury is being phased out of battery production.  From 1989 to 1992, the
use of mercury in battery production decreased 94 percent (Bureau of Mines, 1992).  Because only one
type of battery, mercuric oxide batteries, still used mercury to any measurable degree as of the end of
1992, it is the only battery discussed in this section.  In 1992, an estimated 0.02 Mg (0.02 ton) of
mercury was emitted from the production of batteries.  Table 4-19 lists the manufacturers of mercuric
oxide, alkaline manganese and zinc-carbon batteries and the associated emissions reported in the 1990
TRI (U.S. EPA, 1992e).  The TRI does not distinguish the type of battery each facility produces.


Mercuric oxide batteries fall into two categories:  button cells and larger sizes.  Most mercuric
oxide batteries sold for personal use are button cells.  Button cells are small, circular, relatively flat
batteries that are used in transistorized equipment, walkie-talkie's, hearing aids, electronic watches, and
other items requiring small batteries.  Mercuric oxide batteries are widely used for applications that
require reliability and a constant rate of discharge, including medical and military applications.  Larger
mercuric oxide batteries, which often resemble 9-volt or fat AA batteries in size or shape, are produced
for a variety of medical, industrial, military, and other non-household devices (Dierlich, 1994).  The
mercury content in mercuric oxide batteries is typically 33 percent to 50 percent mercury by weight and
cannot be reduced without proportionally reducing the energy content of these batteries.  Acceptable
alternative batteries are available for almost all applications of household mercuric oxide batteries (Cole
et al., 1992; Balfour, 1992).
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Table 4-19
1992 U.S. Mercuric Oxide, Alkaline Manganese, or 
Zinc-Carbon Button Cell Battery Manufacturers a


Manufacturer Production site
1990 Mercury TRI emissions


kg (lb)b


Alexander Manufacturing Company
(AMC, Inc.)


Mason City, IA 0 (0)


Duracell, USA Cleveland, TN
LaGrange, GA
Lancaster, SC
Lexington, NC


NRc


NR
9 (20)
3 (70)


Eagle-Picher Industries, Inc. Colorado Springs, CO NR


Eveready Battery Company, Inc. Maryville, MO
Red Oak, IA
Fremont, OH
Bennington, VT
Asheboro, NC (2 plants)


14 (30)
NR
NR
1 (2)
2 (5)


Mutecd Columbus, GA (Corporate offices) NR


Rayovac Corp. Madison, WI
Fennimore, WI
Portage, WI


0 (0)
5 (10)
NR


 U.S. EPA, 1993a.a


 U.S. EPA, 1992e.b


 NR = Not reported, company did not report mercury emissions in 1990 TRI.c


 Mutec is a joint venture between Eastman Kodak and Panasonic.d


Mercuric oxide-zinc cells use mercuric oxide (mixed with graphite and manganese dioxide) as
the cathode and a zinc amalgam at the anode.  In producing the cathodes, granulated mercuric oxide,
manganese dioxide, and granulated graphite are manually metered through a hopper to the blending area
(U.S. EPA, 1984).  This mixture is then pelletized in a rotary press.  The pellets are consolidated into
plastic trays and are then sent to the production lines for cell assembly.  For the production of the anodes,
elemental mercury and zinc powder are blended along with electrolyte and a binder to produce an anode
gel (Rauh, 1991).  The completed anodes and cathodes are then sent to the cell manufacturing area. 
Separators, electrolytes and other components are assembled with the anode and cathode to produce the
HgO-Zn cell.  Assembly may be automatic or semiautomatic.  The assembled cathode, anode,
electrolyte, and cover are sealed with a crimper.


During the manufacture of mercuric oxide batteries, mercury may be emitted from grinding,
mixing, sieving, pelletizing, and/or consolidating operations as PM and as vapor emissions.  Baghouses
are used to control PM emissions from the mixing/blending and processing steps in the production of
cathodes.  Mercury vapor emissions from the anode processing and cell manufacturing areas are
generally discharged to the atmosphere uncontrolled.  Ventilation air in the assembly room is
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recirculated through PM filters.  One plant reported an average of 73 percent mercury vapor removal
efficiency in the cell assembly room when an air handler system, consisting of a PM prefilter and a
charcoal filter, was operated using 75 percent recirculating air and 25 percent fresh air (Reisdorf and
D'Orlando, 1984).


The only reported emission factor for a mercuric oxide production facility was for one plant in
Wisconsin (Bureau of Air Management, 1986).  This facility used a combination of a baghouse and
charcoal filter to treat the exhaust ventilation air.  Annual use of mercury was 36.07 Mg (39.8 tons), and
annual emissions were reported as 36.3 kg (80 lb) of mercury as HgO particles.  The mercury emission
factor for battery manufacture based on these data is 1.0 kg/Mg (2.0 lb/ton) of mercury used.


Several factors limit the reliability of this emission factor.  First, the facility no longer produces
mercuric oxide batteries.  The processes and emission controls may be substantially different for existing
mercuric oxide facilities, although no information on different process or controls was provided to U.S.
EPA from one current manufacturer.  Second, no information is presented on the bases of the emission
factor, but the mercury emission quantity is presumed to be an engineering estimate by the manufacturer
because no reference is made to any emissions testing performed at the facility.  Finally, this factor is
based on only one specific site, and that facility may not represent all mercuric oxide battery
manufacturing facilities.


Emission source data from a study of an integrated mercury button cell plant are summarized in
Table 4-20 (U.S. EPA, 1984).  Major emission points were the pelletizing and consolidating operations
(up to 42.46 g/d [0.094 lb/d]) and cell assembly (28.58 g/d [0.063 lb/d]).  Emission controls were not in
place for mercury vapor emissions from the main plant (U.S. EPA, 1984).  This plant reported total
mercury emissions of 3.2 kg (7 lb) in the 1990 TRI (U.S. EPA, 1992e).


In 1995, less than 0.5 Mg (<0.6 tons) of mercury were used in the production of batteries in the
United States (Plachy, 1996).  Multiplying the mercury usage by the emission factor developed for the
facility in Wisconsin gives a mercury emission estimate of 0.0005 Mg (0.0006 tons) for 1995.  This
estimate is highly uncertain, however, because of the concerns discussed above about the reliability of
the emission factors (U.S. EPA, 1997a).  Mercury emissions to the atmosphere when batteries are
disposed are accounted for in the emission estimate for MWCs and MWIs, as discussed in Section 4.1 of
this Report.
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Table 4-20
Emission Source Parameters for an Integrated
Mercury Button Cell Manufacturing Facility a


Building/source descriptionb


Emission ratec


Exit temp. (K); control deviceg/d lb/d


Main plant


Control room


1. Blending, slugging,
compacting, granulating


6.12 0.0135 297; Baghouse


2. Slugging, granulating 1.22 0.0027 297; Baghouse


3. Pelleting, consolidating 1.63d 0.0036d 295; Baghouse


4. Pelleting, consolidating 42.46 0.0936 297; Baghouse


4a. Pelleting, consolidating 6.53 0.0144 297; Baghouse


5. Blending, compacting,
granulating, pelleting,
consolidating


1.36d 0.003b 297; Baghouse


Anode room


6. Amalgam, dewatering 1.82d 0.004d 297; Uncontrolled


6a. Vacuum dryer 0.46d 0.001d 297; Uncontrolled


6b. Blending 0.91d 0.002d 297; Uncontrolled


7. Pelleting, zinc amalgam 4.08d 0.009d 295; Baghouse


Cell assembly area


8. Assembling calls 28.58 0.0630 295; Baghouse for PM.  Vapor by
recirculating air through prefilters
and charcoal filters


 U.S. EPA, 1984.a


 Source names are those used by facility.b


 Emission rates were measured by facility except where noted.c


 Estimated emission rate by facility.d
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Table 4-21
1996 U.S. Byproduct Mercury-Producing Gold Minesa


Mine County/State Operator


Alligator Ridge White Pines, NV Placer Dome U.S.


Getchell Humboldt, NV FMC Gold Co.


Carlin Mines Complex Eureka, NV Newmont Gold Co.


McLaughlin Napa, CA Homestake Mining Co.


Mercur Tooele, UT Barrick Mercur Gold Mines, Inc.


Pinson Mine Humboldt, NV Pinson Mining Co.


 Plachy, 1997.a


4.2.13 Primary Mercury Production


Mercury is currently only produced in the United States as a byproduct from the mining of gold
ores and is no longer produced from mercury ore.  The last U.S. mercury ore mine, the McDermitt Mine
in McDermitt, Nevada, ceased operation in 1990, and all its equipment has since been dismantled, sold,
landfilled, or scrapped (U.S. EPA, 1997a).


Since the closure of the McDermitt Mine, recovery of mercury as a byproduct from gold ores is
the only remaining ore-based production process.  In 1996, six U.S. gold mines (four in Nevada, one in
California and one in Utah) produced metallic mercury as a byproduct.  Mines that do produce mercury
represent only a small percentage of all domestic gold mines.  The names and locations of these mines
are shown in Table 4-21.  No information was available on the amount of mercury recovered at each
facility, although the Bureau of Mines reported that 64 Mg (70 tons) of mercury was  produced as a
byproduct of gold ore mining in 1992 (Bureau of Mines, 1994).  Data are insufficient at this time to
estimate the quantity of mercury emissions generated as a byproduct of gold ore mining.


Potential sources of mercury emissions from gold processing facilities are at locations where furnaces,
retorts, or other high-temperature sources are used in the process and where the mercury is removed from
the launders.  The treated gas discharged to the atmosphere is also a source of mercury emissions (U.S.
EPA, 1997a).
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Primary Mercury Production Processes


This description of production processes and emission controls used at gold mines does not necessarily reflect any
specific gold mine but summarizes the types of processes and controls a gold mine could use to produce mercury and
control mercury emissions.  These processes vary from site to site.


The incoming gold ore is crushed using a series of jaw crushers, cone crushers and ball mills.  If the incoming ore is
an oxide-based ore, no pretreatment is required and the crushed ore is mixed with water and sent to the classifier.  If the
ore is a sulfide-based ore, it must be pretreated using either a fluid bed or multiple hearth pretreatment furnace (roaster) to
convert metallic sulfides to metallic oxides.  The exhaust gas from either of these units is sent through wet ESPs and, if
necessary, through carbon condensers.  The exhaust gas then passes through a lime sulfur dioxide (SO ) scrubber prior to2


discharging to the atmosphere.  If the treated sulfide ore is high in mercury content, the primary mercury recovery process
occurs from the wet ESPs.  If the concentration is low, no attempt is made to recover the mercury for sale.  The pretreated
ore is mixed with water and sent to the classifier, where the ore is separated (classified) according to size.  Ore pieces too
large to continue in the process are returned to the crusher operation (U.S. EPA, 1993a).


From the classifier, the slurry passes through a concentrator and then to a series of agitators containing the cyanide
leach solution.  From the agitators, the slurry is filtered, the filter cake sent to disposal and the filtrate containing the gold
and mercury is transferred to the electrowinning process.  If the carbon-in-pulp (CIP) process is used, the cyanide pulp in
the agitators is treated with activated carbon to adsorb the gold and mercury.  The carbon is filtered from the agitator
tanks and treated with an alkaline cyanide-alcohol solution to desorb the metals.  This liquid is then transferred to the
electrowinning tanks.  In the electrowinning process, the gold and mercury are electrodeposited onto a stainless steel wool
cathode, which is sent to a retort to remove mercury and other volatile impurities.  The stainless steel wool, containing the
gold, is transferred from the retort to a separate smelting furnace, where the gold is volatilized and recovered as crude
bullion (U.S. EPA, 1993a).


The exhaust gas from the retort, containing mercury, SO , PM, water vapor, and other volatile components, passes2


through condenser tubes, where the mercury condenses as a liquid and is collected under water in the launders.  From the
launders, the mercury is purified and sent to storage.  After passing through the condenser tubes, the exhaust gas goes
through a venturi and impinger tower to remove PM and water droplets and then moves through the SO  scrubber prior to2


discharging to the atmosphere (U.S. EPA, 1993a).


When pretreatment roasting is required, the exhaust gases from the furnace pass through a cyclone to remove PM
and then move through wet ESPs to remove arsenic, mercury and some of the SO .  If the mercury concentration in the2


gold ore is high, the ESPs will not remove all of the mercury, and an activated carbon adsorber bed may be required for
additional mercury removal.  The gas passes through a lime scrubber to remove SO ; if the SO  concentration is low, a2 2


caustic scrubber may be used.  From the scrubber, the gas is discharged through the stack to the atmosphere.  Essentially,
the same emission control measures are used for the exhaust gas from the retort.  After the gas passes through the
condenser tubes to remove the mercury, a venturi and a cyclone are used to remove PM and water droplets.  These
controls are followed by the lime scrubber to remove the SO  prior to discharging to the atmosphere.2


Gold ores in open heaps and dumps can also be treated by cyanide leaching.  In this process, the gold ore is placed
on a leaching pad and sprayed with the cyanide solution.  The solution migrates down through the ore to a collection
system on the pad and then is sent to a pregnant solution pond.  From this pond, the leachate liquors, containing gold and
mercury, are transferred to the gold recovery area.  In this area, the liquor is filtered and sent to the electrowinning
process (U.S. EPA, 1993a).


No emission data have been published for facilities producing mercury as a byproduct of gold
ore; therefore, no estimate of mercury emissions from gold ore mining can be made at this time. 
According to an industry representative, all gold mines that produce mercury control their emissions
because the objective is to recover as much mercury as possible (Barringer and Johnson, 1995).
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Table 4-22
1995 U.S. Mercury Compound Producersa


Producer Location


1991 TRI
emissions, 


kg (lb)b Compound(s)


Elf Atochem North America, Inc.,
Chemical Specialties Division


Tulsa, OK Nrc HgF Hg F2, 2 2


GFS Chemicals, Inc. Columbus, OH NR HgBr , HgI , Hg(NO ) ,2 2 3 2


HgSO4


Johnson Matthey, Inc. Ward Hill, MA NR Hg (NO )2 3 2


R.S.A Corporation Danbury, CT NR Hg(SCN)2


 SRI, 1996.a


 U.S. EPA, 1996b.b


 NR = Not reported; company did not appear in 1994 TRI.c


No specific data on emission factors from potential sources of mercury emissions from mercury
ore mining have been published since 1973 (U.S. EPA, 1997a).  The 1973 report gives a total emission
factor of 0.171 kg of mercury emitted for each megagram of mercury ore mined (0.342 lb/ton), which
was based on stack tests conducted in the early 1970s (Anderson, 1973).  However, this emission factor
is for mercury emissions from mercury ore mining only and cannot be used for mercury emissions from
gold ore mining.  No mercury emissions from gold ore mining were, therefore, estimated for this report.


4.2.14 Mercury Compounds Production


The production of mercury compounds presents a potential source of mercury emissions into the
atmosphere.  Common mercury compounds include mercuric chloride and mercuric oxide.  Table 4-22
presents a list of several producers of inorganic and organic mercury compounds.


Because numerous mercury compounds are produced in the United States, it is beyond the scope of this
study to present process descriptions for each one.  Process descriptions of the more common mercury
compounds can be found in the mercury L&E document (U.S. EPA, 1997a).


During the production of mercury compounds, emissions of mercury vapor and particulate
mercury compounds may occur at the following sources:  reactors, driers, filters, grinders, and transfer
operations.  No information was found on specific emission control devices to remove or treat the
mercury emissions, but the literature did contain information on methods designed to reduce the
workplace concentrations without subsequent treatment (Reisdorf and D'Orlando, 1984).  Typically,
these procedures included some combination of enclosure or containment, process modifications,
exhaust ventilation, dilution ventilation, and personal protective equipment (Reisdorf and D'Orlando,
1984).  In some cases, ventilation systems are reported to be ducted to cyclone dust collectors to reduce
dust emissions, but no information was located on mercury vapor controls (U.S. EPA, 1997a).  No
information was available from the literature on mercury emissions or emission factors from the







production of mercury compounds; therefore, no mercury emission estimate could be developed. As
shown in Table 4-22, no company reported significant emissions in the 1994 TRI.


4.2.15 Bvoroduct Coke Production


Byproduct coke, also called metallurgical coke, is a primary feedstock for the integrated iron
and steel industry. Because no information concerning mercury emissions from the production of
byproduct coke could be found in the literature, no nationwide mercury emission estimates were
generated. Table 4-23 lists U.S. byproduct coke oven facilities in 1991 (Huskanen, 1991) and Figure
4-16 shows the locations of these facilities.


Coke is currently produced in two types of coke oven batteries: the slot oven byproduct
battery and the nonrecovery battery. The slot oven byproduct type is by far the most commonly used
battery; over 99 percent of coke produced in 1990 was produced in this type of battery (Easterly et al.;
U.S. EPA, 1988).


The byproduct coke oven battery consists of a series (ranging from 10 to 100) of narrow ovens,
0.4 to 0.6 m (1.3 to 2 ft) wide, and 12 to 18 m (40 to 60 ft) long. The height of the ovens may range
between 3 and 6 m (10 and 20 ft). Depending on the dimensions, the production capacity may range
between 6.8 and 35 Mg (7.5 and 39 tons) of coke per batch. A heating flue is located between each
oven pair (Easterly et al.; U.S. EPA, 1988).


Figure 4-16
1991 U.S. Byproduct Coke Producers
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Table 4-23
1991 U.S. Byproduct Coke Producersa


Facility
No. of


batteries
Total No. of


ovens
Total capacity, Mg/d


(ton/d)


Acme Steel, Chicago, IL 2 100 1,450 (1,600)


Armco, Inc., Ashland, KY 2 146 2,450 (2,700)


Armco, Inc., Middleton, OH 3 203 4,130 (4,540)


Bethlehem Steel, Bethlehem, PA 3 284 3,580 (3,940)


Bethlehem Steel, Burns Harbor, IN 2 164 3,980 (4,380)


Bethlehem Steel, Lackawanna, NY 2 152 1,700 (1,870)


Bethlehem Steel, Sparrows Point, MD 3 210 3,700 (4,070)


Geneva Steel, Orem, UT 1 208 2,050 (2,250)


Gulf States Steel, Gadsden, AL 2 130 2,550 (2,800)


Inland Steel, East Chicago, IN 6 446 5,250 (5,780)


LTV Steel, Pittsburgh, PA 5 315 4,910 (5,400)


LTV Steel, Chicago, IL 1 60 1,450 (1,600)


LTV Steel, Cleveland, OH 2 126 2,910 (3,200)


LTV Steel, Warren, OH 1 85 1,360 (1,500)


National Steel, Granite City, IL 2 90 1,380 (1,520)


National Steel, Ecorse, MI 1 78 840 (925)


USS, Div. of USX Corp., Clairton, PA 12 816 11,490 (12,640)


USS, Div. of USX Corp., Gary, IN 6 422 6,490 (7,140)


Wheeling-Pittsburgh Steel, East Steubenville,
WV


4 224 3,450 (3,800)


Total 58 4,259 65,120 (71,660)


 Huskanen, 1991.a
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Pulverized coal, which is the feedstock, is fed through ports located on the top of each oven by a
car that travels on tracks along the top of each battery.  The ports are sealed upon charging, and gaseous
fuel is combusted in the flues located between the ovens to provide the energy for the pyrolysis.  The
coking process takes between 12 and 20 hours, at the end of which almost all the volatile matter from the
coal is driven off, thus forming coke.  The coke is then unloaded from the ovens through vertical doors
on each end of the oven into a rail car, where it is cooled by being sprayed with several thousand gallons
of water.  The rail car then unloads the coke in a separate area, where the coke is allowed to cool further
(Easterly et al.; U.S. EPA, 1988).


Mercury is present in coal in appreciable quantities.  Consequently, the volatile gases that evolve
from the coking operation are likely to contain mercury (Easterly et al.; U.S. EPA, 1988).


Emissions at byproduct coke plants are generated during coal preparation, oven charging
operations and other operations.  Emissions are also generated from door leaks and from the  battery
stack.  The battery stack emissions are primarily a result of leakage from the oven into the flue.  Mercury
emissions can be generated in small quantities during coal preparation and handling as fugitive PM
because mercury is present as a trace contaminant in coal.  Mercury also may be volatilized and released
during charging and pushing operations as well as from the battery stacks and door and topside leaks.


There are no mercury data for coke ovens in the U.S., so an estimate of U.S. mercury emissions
from this source category is not included in this report.  There are European emission factors available
however, so a rough estimate can be calculated if only to give a sense of the potential magnitude of this
source category's emissions.  Emission factors used in Germany for coke production range from 0.01 to
0.03g mercury per Mg of coke produced (Jockel and Hartje, 1991).  One difference between European
coke producers and U.S. coke producers is that U.S. coke producers use a very high quality cleaned coal
while their European counterparts do not.  If it is assumed that an emission factor of about 0.025 g
mercury per Mg of coke produced is relevant for the U.S. (assuming a 20 percent reduction of mercury
by the coal cleaning process), then potential mercury emissions for this source category would be 0.6
Mg/year (0.7 tons/year).


4.2.16 Petroleum Refining


Petroleum refining involves converting crude petroleum oil into refined products, including
liquified petroleum gas, gasoline, kerosene, aviation fuel, diesel fuel, fuel oils, lubricating oils, and
feedstocks for the petroleum industry.  Mercury is reported to be present in petroleum crude, with its
content ranging from 0.023 to 30 ppmwt (U.S. EPA, 1990).


As of January 1995, there were 34 oil companies in the United States with operable atmospheric
crude oil distillation capacities in excess of 100,000 barrels per calendar day.  These oil companies
operated refineries at a total of 107 different locations.  In addition, there are 53 companies with
distillation capacities of less than 100,000 barrels per calendar day (National Petroleum Refiners
Association, 1995).


The operations at refineries are classified into five general categories:  separation processes,
petroleum conversion processes, petroleum treating processes, feedstock and product handling, and
auxiliary facilities.  In the separation process, crude oil is separated into its constituents (including
paraffinic, naphthionic and aromatic hydrocarbon compounds) by either atmospheric distillation, vacuum
distillation, or gas processing (recovery of light ends).  Conversion processes include cracking, coking
and visbreaking, which breaks large molecules into smaller molecules; isomerization and reforming
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processes to rearrange the structures of molecules; and polymerization and alkylation to combine small
molecules into larger ones (U.S. EPA, 1997a).


Petroleum treatment processes include hydrodesulfurization, hydrotreating, chemical
sweetening, acid gas removal, and deasphalting.  These treatment methods are used to stabilize and
upgrade petroleum products.  Feedstock and product handling includes storage, blending, loading, and
unloading of petroleum crude and petroleum products.  Auxiliary facilities include boilers, gas turbines,
wastewater treatment facilities, hydrogen plants, cooling towers, and sulfur recovery units (U.S. EPA,
1997a).


Control of VOC emissions from distillation, catalytic cracking, coking, blowdown system,
sweetening, and asphalt blowing is achieved by flares.  In some cases, the VOC-laden gas stream is also
used as fuel in process heaters.  Cyclones in conjunction with ESPs are used to reduce emissions from
catalytic cracking (U.S. EPA, 1997a).  These control measures are expected to have little effect on
mercury emissions.


The primary source of mercury emissions in petroleum refining is the separation process,
although mercury emissions can also be expected in the petroleum conversion and petroleum treating
processes (U.S. EPA, 1997a).  Data were unavailable, however, to calculate an emission factor.  As a
result, no estimate of mercury emissions could be made for this source category.  More analyses of oils
and refinery emissions are needed to evaluate this source.


4.3  Miscellaneous Sources


Sources not readily classified as combustion or manufacturing sources of mercury or that once
emitted mercury but currently do not are considered miscellaneous sources.  These sources account for
an estimated 1.3 Mg/yr (1.4 tons/yr) of mercury emissions generated in the United States.  They include
geothermal power plants, pigments, oil shale retorting, mercury catalysts and explosives.  Table 4-24
presents mercury emissions from these miscellaneous sources.


4.3.1 Geothermal Power Plants


Geothermal power plants are either dry-steam or water-dominated and emitted an estimated 1.3
Mg (1.4 tons) of mercury in 1993.  For dry-steam plants, steam is pumped from geothermal reservoirs to
turbines at a temperature of about 180�C (360�F) and a pressure of 7.9 bars absolute (U.S. EPA, 1997a). 
For water-dominated plants, water exists in the producing strata at a temperature of approximately
270�C (520�F) and at a pressure slightly higher than hydrostatic (U.S. EPA, 1997a).  As the water flows
towards the surface, pressure decreases and steam is formed, which is used to operate the turbines.  As of
1992, there were 18 geothermal  power plants operating in the United States (Marshal, 1993), and one
new plant began operating in 1993 (IGA, 1995).  Table 4-25 lists the names, locations and capacities of
these facilities.


No data on the mercury content of steam or water cycled through geothermal facilities are
available.  Likewise, no information exists on emission control systems for geothermal power plants
(U.S. EPA, 1997a).
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Table 4-24
Best Point Estimates of Mercury Emissions from Miscellaneous Anthropogenic Emission Sources:  1994-1995


Source Data Uncertainty Basis for Emissions EstimateMg/yr Tons/yr % of Total


Emissions
Date of Degree of


a b


Geothermal power plants 1.3 1.4 0.9 1977/1992 High Test data


Turf products - - - - - No active registrations in the U.S. of
mercury-containing turf products


Pigment production - - - - - No sources in U.S.


Oil shale retorting - - - - - No sources in U.S.


Mercury catalysts - - - - - Insufficient information to estimate
emissions


Explosives manufacturing - - - - - No sources in U.S.


Total 1.3 1.4 0.9


 Date that data emission factor is based on/Date of activity factor used to estimate emissions.a


 A "medium" degree of uncertainty means the emission estimate is believed to be accurate within + 25 percent.  A "high" degree of uncertainty means the emission estimate is believed to be accurateb


within + 50 percent.
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Table 4-25
1992 U.S. Geothermal Power Plantsa


Facility Type Net Capacity (MW)


The Geysers, CA
Salton Sea, CA
Heber, CA
East Mesa, CA
Coso, CA
Casa Diablo, CA
Amedee, CA
Wendel, CA
Puna, HI
Dixie Valley, NV
Steamboat Hot Springs, NV
Beowawe Hot Springs, NV
Desert Peak, NV
Wabuska Hot Springs, NV
Soda Lake, NV
Stillwater, NV
Empire and San Emidio, NV
Roosevelt Hot Springs, UT
Cove Fort, UT


Dry-steam
Water-dominated
Water-dominated
Water-dominated
Water-dominated
Water-dominated
Water-dominated
Water-dominated


Not specified
Water-dominated
Water-dominated
Water-dominated
Water-dominated
Water-dominated
Water-dominated
Water-dominated
Water-dominated
Water-dominated
Water-dominated


1,805.7
218.3
47.0


106.0
247.5
34.0
2.0
0.7


25.0
57.0
19.3
16.7
9.0
1.7


15.7
12.5
3.2


20.0
12.1


Total 2,653


 Marshal, 1993, for all data except for Puna, Hawaii data.  Puna data from International Geothermal Association, 1995. a


Puna facility began operating in 1993.


Mercury emissions at geothermal power plants are documented to result from two sources:  off-
gas ejectors and cooling towers.  Table 4-26 contains the mercury emission factors for these two 
sources, which are based on measurements taken in 1977 (Robertson et al., 1977).  No process data are
given in the documentation containing the test results, and the primary draft source of these data could
not be obtained in order to verify the validity of the emission factors (U.S. EPA, 1997a).  If significant
process modifications or changes in control strategies have been incorporated since 1977, the emission
factors reported in Table 4-26 may no longer be valid.


Multiplying the emission factors in Table 4-26 by the total capacity shown in Table 4-24
(assuming that geothermal power plants operate 24 hr/d, 365 d/yr) gives a mercury emission estimate of
1.3 Mg (1.4 tons) for geothermal power plants in 1993.  Because the emission factors used to generate
this estimate have limited reliability, this emission estimate has a high degree of uncertainty.
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Table 4-26
Mercury Emission Factors for Geothermal Power Plantsa


Source g/MWe/hr g/MWe/hr lb/MWe/hr


Emission factor range Average emission factor


Off-gas ejectors 0.00075 - 0.02 0.00725 0.00002


Cooling tower exhaust   0.026 - 0.072 0.05 0.0001


 Robertson et al., 1977.a


4.3.2 Pigments, Oil Shale Retorting, Mercury Catalysts, Turf Products and Explosives


Pigments, oil shale retorting, mercury catalysts, turf products and explosives were once sources
of mercury emissions but no longer.  Domestic production of mercury-containing pigments ceased in
1988 (U.S. EPA, 1992a).  There are currently no oil shale retorts in the United States (U.S. EPA, 1981). 
As of 1994, there are no active registrations of mercury-containing turf products in the United States. 
All registrations have been canceled or are in the process of cancellation following voluntary
cancellation by the registrants.  No emissions of mercury from production mercury catalysts could be
accounted for (U.S. EPA, 1997a).  Commercial mercury use in explosives ceased prior to 1970 (U.S.
EPA, 1992a).
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5. EMISSIONS SUMMARY


Table 5-1 summarizes the estimated national mercury emission rates by source category.  These
emissions estimates should be regarded as best estimates given available data.


The emissions data presented in this document served three primary purposes.  First, the
inventory identifies source categories that emit a significant amount of mercury.  This information will
be useful for decision makers when selecting potential candidates for mercury emissions reductions and
in evaluating possible control technologies or pollution prevention measures that could be used to
achieve emission reductions.  Second, the inventory was used to identify source types with the potential
to have public health or environmental impacts when evaluated as singular point sources.  The source
types so identified were modeled in the local impact analysis to assess the potential public health and
environmental impacts from a single source.  Third, the emissions data summarized in this document
served as input to U.S. EPA's long-range transport model which assessed the nationwide dispersion and
deposition of mercury from all of the identified mercury sources in the U.S.  The local impact analysis
and long-range transport modeling are described in detail in Volume III of the Mercury Study Report to
Congress -- An Assessment of Exposure From Anthropogenic Mercury Emissions in the United States.


Accuracy of the Inventory


The accuracy of the emission estimates is obviously a factor in assessing the inventory's
usefulness for its intended purposes.  Considering the admitted gaps in the inventory, the external peer
review panel that reviewed this work in January 1995 concluded that the missing sources could
contribute as much as 20 percent more mercury emissions to the U.S. total.  For comparison, one
reviewer submitted data on the amount of mercury emitted per person in some European countries (based
on anthropogenic emissions only).


Based on the inventory presented in this document, the U.S. inventory represents 0.55 g mercury
per person per year.  Based on data submitted during the 1995 external peer review process, 0.90 g
mercury per person per year is emitted in the United Kingdom.  In Germany (Western area), 0.75 g
mercury per person per year is emitted.  In Poland, 0.88 g mercury per person per year is estimated to be
emitted.  The European emission average is about 1.2 g mercury per person per year (Pacyna, 1995). 


This national inventory of estimated mercury emissions compares favorably with other national
estimates.  Porcella, et al. (1995) estimated 1990 U.S. mercury emissions to be 154.1 Mg and Pai, et al.
(1997) estimated 1990 emissions at 146.4 Mg.  This study estimates the 1994-1995 national baseline
emissions to be 145 Mg.  In general, each of these studies used similar emissions estimation techniques
and data sources, and estimates for individual source categories are close.   Like this study, these other
studies also used “top down” techniques based on emission factors  (e.g., lbs mercury emitted per unit of
energy or lbs product produced) multiplied by an activity level (e.g., pounds product produced in a year). 
This approach is common, particularly for a national estimate where adding up actual emissions from
every source would be unrealistic.


A regional inventory being compiled by the Northeast States for Coordinated Air Use
Management (NESCAUM) was used for a regional modeling study of mercury emissions and 
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Table 5-1
Best Point Estimates of 1994-1995 National Mercury Emission Rates by Category


Sources of mercury Mg/yr tons/yr Inventorya
1994-1995 1994-1995 % of Total


b b b


Area sources 3.1 3.4 2.2
     Lamp breakage 1.4 1.5 1.0
     General laboratory use 1.0 1.1 0.7
     Dental preparations 0.6 0.7 0.4
     Landfills 0.07 0.08 0.1
     Mobile sources c c c
     Paint use c c c
     Agricultural burning c c c


Point Sources 141.0 154.7 97.8
     Combustion sources 125.3 137.7 86.9
          Utility boilers
               Coal
               Oil
               Natural gas
          MWCsh


          Commercial/industrial boilers
               Coal
               Oil
          MWIsh


          Hazardous waste combustorse


          Residential boilers
               Oil
               Coal
          SSIs
          Wood-fired boilersf


          Crematories
     Manufacturing sources
          Chlor-alkali
          Portland cemente


          Pulp and paper manufacturing
          Instruments manufacturing
          Secondary Hg production
          Electrical apparatus
          Carbon black
          Lime manufacturing
          Primary lead
          Primary copper
          Fluorescent lamp recycling
          Batteries
          Primary Hg production
          Mercury compounds 
          Byproduct coke
          Refineries
     Miscellaneous sources
          Geothermal power
          Turf products
          Pigments, oil, etc.


TOTAL


47.2 51.8 32.8
(47) (51.6) (32.6)d


(0.2) (0.2) (0.1)
(<0.1) (<0.1) (0.0)
26.9 29.6 18.7
25.8 28.4 17.9


(18.8) (20.7) (13.1)
(7.0) (7.7) (4.9)
14.6 16.0 10.1
6.4 7.1 4.4
3.3 3.6 2.3


(2.9) (3.2) (2.0)
(0.4) (0.5) (0.3)
0.9 1.0 0.6
0.2 0.2 0.1


<0.1 <0.1 0.0
14.4 15.6 10.0
6.5 7.1 4.5
4.4 4.8 3.1
1.7 1.9 1.2
0.5 0.5 0.3
0.4 0.4 0.3
0.3 0.3 0.2
0.3 0.3 0.2
0.1 0.1 0.1
0.1 0.1 0.1


<0.1 <0.1 0.0
<0.1 <0.1 0.0
<0.1 <0.1 0.0


c c c
c c c
c c c
c c c


1.3 1.4 0.9
1.3 1.4 0.9
g g g
g g g


144 158 100


 MWC=Municipal waste combustor; MWI=medical waste incinerator; SSI=sewage sludge incinerator a


Numbers do not add exactly because of rounding.b 


 Insufficient information to estimate 1995 emissions.c


Parentheses denote subtotal within larger point source categoryd 


 For the purposes of this inventory, cement kilns that burn hazardous waste for fuel are counted as hazardous waste combustors.e


 Includes boilers only; does not include residential wood combustion (wood stoves). f


 Mercury has been phased out of use.g


 EPA has finalized emissions guidelines for these source categories which will reduce mercury emissions by at least an additional 90 percenth


over 1995 levels. 
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dispersion in Connecticut, Maine, Maryland, New Hampshire, New Jersey, New York, Rhode Island, and
Vermont.  Emissions for each state were allocated to modeling grid cells for regional modeling.  A
comparison of the emissions inventory for each of these states to this study’s emission inventory for the
same states produced good agreement.  The EPA’s emission inventory is about 19 Mg/year for the
NESCAUM states, while the states’ own estimates total about 16 Mg/year.  The state estimates are likely
to be more accurate because in many cases, emissions testing is required for air pollution permits and
these test data were available to the states to estimate emissions from specific facilities (compared to the
EPA’s emission factor approach).


Use of the Inventory for the Local Impact and Control Technology Analyses


While the emission estimates have limitations, they do provide insight into the relative
magnitude of emissions from different groups of sources.  Table 5-2 shows the distribution of estimated
emissions among the four major classes of sources of anthropogenic emissions (area sources, combustion
point sources, manufacturing point sources, and miscellaneous point sources).


Of the estimated 144 Megagrams (Mg) (158 tons) of mercury emitted annually into the
atmosphere by anthropogenic sources in the United States, approximately 87 percent is from combustion
point sources, 10 percent is from manufacturing point sources, 2 percent is from area sources, and
1 percent is from miscellaneous sources.  Four specific source categories account for approximately
80 percent of the total anthropogenic emissions--coal-fired utility boilers (33 percent), municipal waste
combustion (19 percent), commercial/industrial boilers (18 percent), and medical waste incinerators
(10 percent).


Based on this information, four source categories were selected for the local impact analyses in
Volume IV of this report and the control technology assessment described in Volume VIII of this report. 
The source categories were selected based on the magnitude of their mercury emissions either in the
aggregate as a source category or as single point sources.  The source categories were coal- and oil-fired
utility boilers, municipal waste combustors, medical waste incinerators, and chlor-alkali plants.  Model
plants representing these categories were developed for both the local impact analyses and the control
technology assessment.  The model plants for the local impact analyses are described in detail in
Appendix C to Volume III of this report and for the control technology assessment, in Appendix B of
Volume VIII of this report.


Use of the Inventory for the Long-range Transport Analysis


For the long-range transport analysis, the emissions inventory was mapped for the continental
U.S.  The continental U.S. was divided into 40-km square grid cells and the magnitude of the mercury
emissions were calculated for each cell.  For the most part, the location (at least to the city level) of the
mercury point sources described in this document were known.  


For area sources where the sources are small, diffuse and numerous, exact locations were not
known.  There were a number of source categories where this was the case.  The emissions for these
source categories were allocated or apportioned to each county in the U.S. based on a variety of
information.  The area sources and the method used to allocate their emissions are shown in Table 5-3.
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Table 5-2
Best Point Estimates of Mercury Emissions from Anthropogenic Sources:  1994-1995


Source Mg/yr Tons/yr % of Total Inventory


Emissions


Area 3.1 3.4 2.2


Combustion 125.3 137.7 86.9


Manufacturing 14.4 15.6 10.0


Miscellaneous 1.3 1.4 0.9


Total Inventory 144 158 100
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Table 5-3
Mercury Area Sources Allocation Methodology


Area Source Category Emissions
Mg/year
(tons/yr)


Allocation Method


Mercury Lamp Breakage 1.4 (1.5) Nationwide estimate allocated to counties
on a per capita basis (1990 Census).


General Laboratory Usage 1.0 (1.1) Nationwide estimate allocated on a per
capita basis (1990 Census data).


Dental Preparation 0.6 (0.7) Nationwide estimate allocated to counties
on a per capita basis (1990 Census).


Residential Coal Combustion 0.4 (0.5) Nationwide estimate allocated by State
based on fuel consumption (U.S.
Department of Energy, 1996). 
Apportionment to counties within State on
a per capita basis.


Residential Oil Combustion 2.9 (3.2) Nationwide estimate allocated by State
based on fuel consumption (U.S.
Department of Energy, 1996). 
Apportionment to counties within State on
a per capita basis.


Industrial/Commercial
Boilers
     Coal
     Oil


18.8 (20.7)
7.0 (7.7)


Nationwide estimates allocated by State
based on fuel consumption (U.S.
Department of Energy, 1996). 
Apportionment to counties within State on
a per capita basis.


Crematories < 0.1 Nationwide emissions estimate allocated
to counties on a per capita basis.


Figure 5-1 illustrates the spatial distribution of mercury emissions across the U.S. based on this
inventory.  This distribution formed the basis of the long-range transport modeling and the resulting
predictions of wet and dry deposition across the U.S.
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Trends in Mercury Emissions


It is difficult to predict with confidence the temporal trends in mercury emissions for the U.S.,
although there appears to be a trend toward decreasing total mercury emissions from 1990 to 1995.  This
is particularly true for the combustion sources where emissions have declined 50 percent from municipal
waste combustors and 75 percent from medical waste incinerators since 1990 (see below).  Also, as
previously noted, there are a number of source categories where there is insufficient data to estimate
current emissions let alone potential future emissions.  Based on available information, however, a
number of observations can be made regarding mercury emission trends from source categories where
some information is available about past activities and projected future activities.


Current emissions of mercury from manufacturing sources are generally low compared to
combustion sources (with the exception of chlor-alkali plants using the mercury cell process and portland
cement manufacturing plants).  The emissions of mercury are more likely to occur when the product (e.g.,
lamps, thermostats) is broken or discarded.  Therefore, in terms of emission trends, one would expect that
if the future consumption of mercury remains consistent with the 1996 consumption rate, emissions from
most manufacturing sources would remain about the same.


For industrial or manufacturing sources that use mercury in products or processes, the overall
consumption of mercury is generally declining.  Industrial consumption of mercury has declined by
about 75 percent between 1988 (1503 Mg) and 1996 (372 Mg).  Much of this decline can be attributed to
the elimination of mercury as a paint additive (20 percent) and the reduction of mercury in batteries (36
percent).  Use of mercury by other source categories remained about the same between 1988 and 1996.


Secondary production of mercury (i.e., recovering mercury from waste products) has increased
significantly over the past few years.  While 372 Mg of mercury were used in industrial processes in
1996, 446 Mg were produced by secondary mercury producers and an additional 340 Mg were imported. 
This is a two-fold increase since 1991.  The number of secondary mercury producers is expected to
increase as more facilities open to recover mercury from fluorescent lamps and other mercury-containing
products (e.g., thermostats).  As a result there is potential for mercury emissions from this source
category to increase.


The largest identified source of mercury emissions during 1994-1995 is fossil fuel combustion by
utility boilers, particularly coal combustion.  Future trends in mercury emissions from this source
category are largely dependent on both the nation's future energy needs and the fuel chosen to meet those
needs.  Another factor is the nature of actions the utility industry may take in the future to meet other air
quality requirements under the Clean Air Act (e.g., national ambient air quality standards for ozone and
particulate matter).


Two other significant sources of mercury emissions currently are municipal waste combustors
and medical waste incinerators.  Emissions from these source categories have declined considerably
since 1990 on account of plant closures (for medical waste incinerators) and reduction in the mercury
content of the waste stream (municipal waste combustors) and will decline even further by the year 2000
due to regulatory action the U.S. EPA is taking under the statutory authority of section 129 of the CAA. 
As described in sections 4.1.2 and 4.1.4 of this document, the U.S. EPA has finalized rules for municipal
waste combustors and medical waste incinerators that will, when fully implemented, reduce mercury
emissions from both of these source categories by an additional 90 percent over 1995 levels.  In addition
to this federal action, a number of states (including Minnesota, Florida and New Jersey) have
implemented mandatory recycling programs to reduce mercury-containing waste, and some states have
regulations that impose emission limits that are lower than the federal regulation.  These factors will
reduce national mercury emissions from these source categories even further.
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6. CONCLUSIONS


The following conclusions are presented in approximate order of degree of certainty in the conclusion,
based on the quality of the underlying database.  The conclusions progress from those with greater
certainty to those with lesser certainty.


� Numerous industrial and manufacturing processes emit mercury to the atmosphere.  Mercury
emissions from U.S. manufacturing sources, however, have dropped about 75 percent over the
past decade.


� Mercury is emitted, to a varying degree, from anthropogenic sources virtually everywhere in the
United States.


� Natural sources of mercury and re-emission of previously deposited mercury are also sources of
mercury to the atmosphere, although the magnitude of the contribution of these sources relative
to the contribution of current anthropogenic sources is not well understood.


� Prior to 1995, municipal waste combustors and medical waste incinerators were the largest
identifiable source of mercury emissions to the atmosphere.  Regulations which have been
finalized for municipal waste combustors and medical waste incinerators will, when fully
implemented, reduce emissions from these source categories by an additional 90 percent over
1995 levels.


� Present emissions estimates indicate that coal-fired utility boilers are the single largest emissions
source, contributing approximately 33 percent of the national inventory.


� Anthropogenic sources in the United States emit approximately 144 Mg (158 tons) of mercury
annually into the atmosphere.  This estimate is believed to be accurate to within 30 percent.  This
estimate represents emissions calculated during the 1994-1995 time frame. 


� In the United States, areas east of the Rocky Mountains have the highest concentration of
emissions from anthropogenic sources in the U.S.


� The areas having the greatest concentration of mercury emissions from anthropogenic sources of
total mercury (i.e., all chemical species) are the following:  the urban corridor from Washington
D.C. to Boston, the Tampa and Miami areas of Florida, the larger urban areas of the Midwest
and Ohio Valley and two sites in northeastern Texas.


� The areas having generally the lowest emissions are in the Great Basin region of the western
United States and the High Plains region of the central United States.  There are generally few
large emission sources in the western third of the United States, with the exception of the San
Francisco and Los Angeles areas and specific industrial operations.


There are many uncertainties in the emission estimates for individual source categories due to
uncertainties inherent in an emission factor approach.  The source of these uncertainties include the
following: 


� Variability in the estimates of source activity for each source category.  Activity levels used in
this Report were compiled over different time periods and by a variety of survey procedures.


� Emissions test data that are of poor quality or are based on very few analyses, which may not be
representative of the full source population being studied.
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� Changes in processes or emission measurement techniques over time (especially since about
1985).  Earlier techniques may have measured too much mercury because of contamination
problems.


� A lack of data for some source categories which either led to estimates based on engineering
judgment or mass balance calculations.  For a number of source categories there were
insufficient data and, thus, no emissions estimates were made.


� Limited data on the effectiveness of air pollution control equipment to capture mercury
emissions.


Understanding the public health and environmental impacts of current anthropogenic emissions is
complicated by an incomplete understanding of the following factors:


� Global and transboundary deposition of mercury and the impact this has on deposition of
mercury in the U.S.


� The magnitude and chemical nature of natural emissions.


� The magnitude and chemical nature of re-emitted mercury.


� The public health and environmental impacts of emissions from past uses of mercury (such as
paint application) relative to current anthropogenic emissions. 


To improve the emissions estimates, U.S. EPA would need the following:


� Source test data from a number of source categories that have been identified in this volume as
having insufficient data to estimate emissions.  Notable among these are mobile sources,
agricultural burning, sludge application, coke ovens, petroleum refining, residential woodstoves,
mercury compounds production and zinc mining.


� Improvements in the existing emissions information for a number of source categories including
secondary mercury production (i.e., recycling), commercial and industrial boilers, landfills,
electric lamp breakage, and iron and steel manufacturing.


� Validation of a stack test protocol for speciated mercury emissions.


� More data on the efficacy of conventional coal cleaning and the potential for slurries from the
cleaning process to be a mercury emission source.


� More data are needed on the mercury content of various coals and petroleum and the trends in
the mercury content of coal burned at utilities and petroleum refined in the U.S.


� Additional research to address the potential for methylmercury to be emitted (or formed) in the
flue gas of combustion sources.


� Investigation of the importance (quantitatively) of re-emission of mercury from previously
deposited anthropogenic emissions and mercury-bearing mining waste.  This would include both
terrestrial and water environments.  Measuring the flux of mercury from various environments
would allow a determination to be made of the relative importance of re-emitted mercury to the
overall emissions of current anthropogenic sources.
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� Determination of the mercury flux from natural sources to help determine the impact of U.S.
anthropogenic sources on the global mercury cycle as well as the impact of all mercury
emissions in the United States.


� More detailed emissions data to support the use of more sophisticated fate and transport models
for mercury; in particular, more information is needed on the chemical species of mercury being
emitted (including whether these species are particle-bound) and the temporal variability of the
emissions.


Based on trends in mercury use and emissions, the U.S. EPA predicts the following:


� A significant decrease (at least 90 percent over 1995 levels) will occur in mercury emissions
from municipal waste combustors and medical waste incinerators when the regulations finalized
by U.S. EPA for these source categories are fully implemented.


� Manufacturing use of mercury will continue to decline with chlorine production from mercury
cell chlor-alkali plants continuing to account for most of the mercury use in the manufacturing
sector.


� Secondary production of mercury will continue to increase as more recycling facilities
commence operation to recover mercury from discarded products and wastes.
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7. RESEARCH NEEDS


Throughout this volume an effort has been made to characterize the uncertainties (at least
qualitatively) in the emissions estimates for the various source categories described.  As noted in Chapter
1, there are inherent uncertainties in estimating emissions using emission factors.  To reduce these
uncertainties, a number of research needs remain, including the following:


� Source test data are needed from a number of source categories that have been identified
in this volume as having insufficient data to estimate emissions.  These source categories
are listed in Table 1-3.  Notable among these are mobile sources, agricultural burning,
sludge application, coke ovens, petroleum refining, residential woodstoves, mercury
compounds production and zinc mining.  A number of manufacturing sources were also
identified as having highly uncertain emissions estimates.  Notable among this category
are secondary mercury production, commercial and industrial boilers, electric lamp
breakage, landfills, primary metal smelting operations and iron and steel manufacturing. 
The possibility of using emissions data from other countries could be further
investigated.


� Development and validation of a stack test protocol for speciated mercury emissions is
needed.


� More data are needed on the efficacy of conventional coal cleaning and the potential for
slurries from the cleaning process to be a mercury emission source.


� More data are needed on the mercury content of various coals and petroleum and the
trends in the mercury content of coal burned at utilities and petroleum refined in the U.S.


� Additional research is needed to address the potential for methylmercury to be emitted
(or formed) in the flue gas of combustion sources.


� The importance (quantitatively) of re-emission of mercury from previously deposited
anthropogenic emissions and mercury-bearing mining waste needs to be investigated. 
This would include both terrestrial and water environments.  Measuring the flux of
mercury from various environments would allow a determination to be made of the
relative importance of re-emitted mercury to the overall emissions of current
anthropogenic sources.


� Determination of the mercury flux from natural sources would help determine the impact
of U.S. anthropogenic sources on the global mercury cycle as well as the impact of all
mercury emissions in the United States.


� The use of more sophisticated fate and transport models for mercury will require more
detailed emissions data, particularly more information on the chemical species of
mercury being emitted (including whether these species are particle-bound) and the
temporal variability of the emissions.
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Table A-1
1994 Estimated Mercury Emissions From Utility Boilers, By State and Fuel Type


State No. Mg/yr tons/yr No. Mg/yr tons/yr No. Mg/yr tons/yr No. Mg/yr tons/yr No. Mg/yr tons/yr


Combined cycle Coal Natural Gas Oil Totala


Alaska 0 0 0 1 0.005 0.006 0 0 0 0 0 0 1 0.005 0.006


Alabama 0 0 0 38 1.892 2.086 2 0.000 0.000 0 0 0 40 1.892 2.086


Arkansas 0 0 0 5 0.411 0.453 6 0.000 0.000 0 0 0 11 0.411 0.453


Arizona 0 0 0 14 0.706 0.778 14 0.000 0.000 0 0 0 28 0.706 0.778


California 4 0.001 0.001 0 0 0 96 0.000 0.000 38 0.008 0.009 138 0.009 0.010


Colorado 0 0 0 24 0.830 0.915 3 0.000 0.000 0 0 0 27 0.830 0.915


Connecticut 0 0 0 1 0.071 0.079 2 0.000 0.000 19 0.010 0.011 22 0.081 0.090


Delaware 0 0 0 6 0.137 0.151 2 0.000 0.000 2 0.001 0.001 10 0.138 0.152


Florida 2 0.001 0.001 29 1.258 1.387 51 0.000 0.000 49 0.062 0.069 131 1.321 1.457


Georgia 0 0 0 36 1.753 1.932 6 0.000 0.000 2 0.000 0.000 44 1.753 1.932


GU 0 0 0 0 0 0 0 0 0 4 0.002 0.003 4 0.002 0.003


Hawaii 0 0 0 0 0 0 0 0 0 14 0.017 0.010 14 0.017 0.010


Iowa 0 0 0 31 0.780 0.860 0 0 0 0 0 0 31 0.780 0.860


Illinois 0 0 0 57 1.265 1.395 5 0.000 0.000 10 0.002 0.002 72 1.267 1.397


Indiana 0 0 0 71 2.195 2.420 2 0.000 0.000 5 0.000 0.000 78 2.195 2.420


Kansas 0 0 0 19 0.466 0.514 17 0.000 0.000 0 0 0 36 0.466 0.514


Kentucky 0 0 0 55 1.766 1.946 0 0.000 0.000 1 0.000 0.000 56 1.766 1.946


Louisiana 2 0.000 0.000 6 0.737 0.812 46 0.000 0.000 0 0.000 0.000 55 0.737 0.812


Massachusetts 0 0 0 9 0.288 0.318 8 0.000 0.000 19 0.011 0.013 36 0.299 0.331


Maryland 0 0 0 14 0.937 1.033 4 0.000 0.000 13 0.008 0.009 31 0.945 1.042


Maine 0 0 0 0 0 0 0 0 0 8 0.003 0.003 8 0.003 0.003







Table A-1  (continued)
1994 Estimated Mercury Emissions From Utility Boilers, By State and Fuel Type


State No. Mg/yr tons/yr No. Mg/yr tons/yr No. Mg/yr tons/yr No. Mg/yr tons/yr No. Mg/yr tons/yr


Combined cycle Coal Natural Gas Oil Totala
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Michigan 0 0 0 52 1.726 1.902 1 0.000 0.000 6 0.002 0.002 59 1.728 1.904


Minnesota 0 0 0 26 0.672 0.741 1 0.000 0.000 0 0.000 0.000 27 0.672 0.741


Missouri 0 0 0 34 1.378 1.519 4 0.000 0.000 0 0 0 38 1.378 1.519


Mississippi 0 0 0 6 0.173 0.190 15 0.000 0.000 2 0.001 0.001 23 0.174 0.191


Montana 0 0 0 6 0.357 0.393 0 0.000 0.000 0 0 0 6 0.357 0.393


North Carolina 0 0 0 36 1.253 1.381 0 0 0 0 0 0 36 1.253 1.381


North Dakota 0 0 0 13 1.106 1.219 0 0 0 0 0 0 13 1.106 1.219


Nebraska 0 0 0 13 0.443 0.488 3 0.000 0.000 0 0 0 16 0.443 0.488


New Hampshire 0 0 0 4 0.130 0.144 0 0 0 3 0.002 0.002 7 0.132 0.146


New Jersey 0 0 0 8 0.173 0.190 13 0.000 0.000 15 0.005 0.005 36 0.178 0.195


New Mexico 0 0 0 10 0.396 0.437 9 0.000 0.000 0 0 0 19 0.396 0.437


Nevada 0 0 0 8 0.253 0.278 9 0.000 0.000 6 0 0 23 0.253 0.278


New York 0 0 0 32 1.208 1.332 32 0.000 0.000 41 0.057 0.063 105 1.265 1.395


Ohio 0 0 0 91 3.613 3.982 1 0.000 0.000 3 0.000 0.000 95 3.613 3.982


Oklahoma 4 0.001 0.001 10 0.533 0.587 26 0.000 0.000 0 0 0 40 0.534 0.588


Oregon 0 0 0 1 0.034 0.038 0 0 0 0 0 0 1 0.034 0.038


Pennsylvania 0 0 0 58 4.657 5.133 2 0 0 8 0.006 0.007 68 4.663 5.140


Puerto Rico 0 0 0 0 0 0 0 0 0 18 0.028 0.031 18 0.028 0.031


Rhode Island 0 0 0 0 0 0 4 0.000 0.000 1 0.000 0.000 5 0.000 0.000


South Carolina 0 0 0 24 0.547 0.603 2 0.000 0.000 4 0.000 0.000 30 0.547 0.603


South Dakota 0 0 0 2 0.154 0.170 1 0.000 0.000 0 0 0 3 0.154 0.170







Table A-1  (continued)
1994 Estimated Mercury Emissions From Utility Boilers, By State and Fuel Type


State No. Mg/yr tons/yr No. Mg/yr tons/yr No. Mg/yr tons/yr No. Mg/yr tons/yr No. Mg/yr tons/yr


Combined cycle Coal Natural Gas Oil Totala
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Tennessee 0 0 0 33 1.362 1.501 0 0 0 0 0 0 33 1.362 1.501


Texas 3 0.001 0.001 34 5.599 6.172 154 0.000 0.000 5 0.000 0.000 196 5.599 6.172


Utah 0 0 0 12 0.170 0.188 1 0.000 0.000 0 0 0 13 0.170 0.188


Virginia 0 0 0 24 0.564 0.621 1 0 0 4 0.002 0.003 29 0.564 0.621


VI 0 0 0 0 0 0 0 0 0 2 0.000 0.000 2 0.000 0.000


Washington 0 0 0 2 0.181 0.199 0 0 0 0 0.000 0.000 2 0.181 0.199


Washington 0 0 0 0 0 0 0 0 0 2 0.001 0.001 2 0.001 0.001
D.C.


Wisconsin 0 0 0 40 1.063 1.172 2 0.000 0.000 0 0 0 42 1.063 1.172


West Virginia 0 0 0 33 1.911 2.107 0 0 0 0 0 0 33 1.911 2.107


Wyoming 0 0 0 15 0.851 0.938 0 0 0 0 0 0 15 0.851 0.938


Total 15 0.004 0.004 1043 45.999 50.710 545 0.001 0.002 305 0.230 0.250 1908 46.234 50.966


 These units burn a combination of fuels.a


Note:  Totals shown here differ slightly from those shown elsewhere in this volume due to rounding.  For each souce category, a value of "0" means that the
emissions estimate is zero whereas "0.000" means that the estimate is less than 0.001, the minimum value that could be shown in the space allotted.
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Table A-2
Estimates of 1994 Coal, Natural Gas, and Oil Consumption


 in the Commercial/Industrial Sector Per State (Trillion Btu)


State Natural gas Distillate and residualBituminous and lignite Anthracite Total


Coal


Petroleum


Alabama 146.3 0.1 146.4 227 42.8
Alaska 5.4 a 5.4 356.6 17.9
Arizona 14.6 a 14.6 56.7 12.2
Arkansas 8.6 a 8.6 169.7 25.2
California 56.7 a 56.7 1008.8 69.9


Colorado 18.3 0.5 18.8 162.1 25.3
Connecticut 0.7 0.1 0.8 71.9 31.2
Delaware 4.9 0.3 5.2 23.5 15.9
Dist. of Col. 0.7 a 0.7 14.9 6.4
Florida 32.6 0.2 32.8 188.4 64.8


Georgia 48.9 a 48.9 234.8 44.3
Hawaii 1.8 0.0 1.8 2.3 13.8
Idaho 9.3 0.1 9.4 41.4 17.4
Illinois 152.9 0.2 153.1 513.3 61.8
Indiana 231.0 a 231.0 350.4 56.7


Iowa 54.9 0.7 55.6 157.9 42.3
Kansas 3.8 0.0 3.8 284.6 35.4
Kentucky 87.1 0.3 87.4 130.2 45.1
Louisiana 11.3 0.1 11.4 1278.1  85.3
Maine 11.4 0.1 11.5 4.2 84.3


Maryland 19.3 0.1 19.4 94.6 37.0
Massachusetts 1.7 0.2 1.9 181.7 74.9
Michigan 111.8 a 111.8 538.1 42.0
Minnesota 29.7   0.1 29.8 180.4 49.5
Mississippi 7.1 a 7.1 123.5 27.7


Missouri 27.8 0.1 27.9 138.6 30.3
Montana 10.5 a 10.5 29.9 16.7
Nebraska 8.0 a 8.0 74.9 37.7
Nevada 4.5 0.0 4.5 49.3 18.7
New Hampshire 0.0 0.1 0.1 11.0 20.7


New Jersey 1.6 0.3 1.9 335.5 71.1
New Mexico 1.6 a 1.6 98.5 9.5
New York 75.3 2.2 77.5 450.5 225.5
North Carolina 64.4    a 64.4 138.6 68.4
North Dakota 95.2 a 95.2 29.5 22.1


Ohio 183.4 0.4 183.8 497.0 62.6
Oklahoma 16.1 a 16.1 331.8 25.3
Oregon 2.7 0.2 2.9 89.6 18.5
Pennsylvania 389.5 16.0 405.5 392.8 104.9
Rhode Island 0.0 a a 54.5 13.4


South Carolina 59.4 0.1 59.5 118.9 27.5
South Dakota 8.0 a 8.0 16.4 18.6
Tennessee 103.7 0.4 104.1 175.1 30.6
Texas 82.8 0.1 82.9 2406.3 14.0
Utah 47.7 a 47.7 81.6 15.4


Vermont 0.1 0.0 0.1 4.7 8.3
Virginia 101.9 0.3 102.2 145.2 45.5
Washington 5.1 0.0 5.1 156.7 26.9
West Virginia 112.5 0.1 112.6 84.9 22.8
Wisconsin 48.7 0.1 48.8 216.3 45.0
Wyoming 43.5 a 43.5 93.3 17.7


United States 2564.8 24.6 2589.4 12616.5 2178.1


 Number less than 0.05a


Source: U.S. Department of Energy.  State Energy Data Report.  Report No. DOE/EIA-0214(94).  October 1996.
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Table A-3
Estimates of Mercury Emissions From Coal-Fired


Commercial/Industrial Boilers on a Per-State Basis For 1994


State


Mercury emissionsa


Ton/Yr Mg/Yr


Alabama 1.2 1.1
Alaska b b
Arizona 0.1 0.1
Arkansas 0.1 0.1
California 0.4  0.4 


Colorado 0.1 0.1 
Connecticut b b
Delaware b b
Dist. of Col. 0.0 b
Florida 0.2 0.2 


Georgia 0.4 0.4 
Hawaii b b
Idaho 0.1 0.1 
Illinois 1.2 1.1 
Indiana 1.9 1.7 


Iowa 0.4 0.4 
Kansas b b
Kentucky 0.7 0.6 
Louisiana 0.1 0.1 
Maine 0.1 0.1 


Maryland 0.1 0.1 
Massachusetts b b
Michigan 0.9 0.8 
Minnesota 0.2 0.2 
Mississippi 0.1 0.1 


Missouri 0.2 0.2 
Montana 0.1 0.1 
Nebraska 0.1 0.1 
Nevada b b
New Hampshire b b


New Jersey b b
New Mexico b b
New York 0.7 0.6 
North Carolina 0.6 0.5 
North Dakota 0.8 0.7 


Ohio 1.4 1.3 
Oklahoma 0.1 0.1 
Oregon b b
Pennsylvania 3.3 3.0 
Rhode Island b b


South Carolina 0.4 0.4 
South Dakota 0.1 0.1 
Tennessee 0.9 0.8 
Texas 0.7 0.6 
Utah 0.3 0.3 


Vermont b b
Virginia 0.8 0.7 
Washington b b
West Virginia 0.9 0.8 
Wisconsin 0.4 0.4 
Wyoming 0.3 0.3 


United States 20.7 18.8 


 Mercury emission factors of 16 lb Hg/trillion Btu and 18 lb Hg/trillion Btu were used for bituminous and anthracite coal, respectively.  Noa


control of emissions from commercial/industrial boilers was assumed.
 Number less than 0.05.b
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Table A-4
Estimates of Mercury Emissions From Oil-Fired


Commercial/Industrial Boilers On a Per-State Basis For 1994


State Ton/Yr Mg/Yr


Mercury emissionsa


Alabama 0.15 0.14 
Alaska 0.07 0.06 
Arizona 0.04 0.04 
Arkansas 0.09 0.08 
California 0.25 0.23 


Colorado 0.09 0.08 
Connecticut 0.11 0.10 
Delaware 0.06 0.05 
Dist. of Col. 0.02 0.02 
Florida 0.23 0.21 


Georgia 0.15 0.14 
Hawaii 0.04 0.04 
Idaho 0.07 0.06 
Illinois 0.22 0.20 
Indiana 0.20 0.18 


Iowa 0.15 0.14 
Kansas 0.13 0.12 
Kentucky 0.17 0.15 
Louisiana 0.31 0.28 
Maine 0.06 0.26 


Maryland 0.13 0.12 
Massachusetts 0.26 0.24 
Michigan 0.15 0.14 
Minnesota 0.18 0.16 
Mississippi 0.10 0.09 


Missouri 0.11 0.10 
Montana 0.06 0.05 
Nebraska 0.13 0.12
Nevada 0.07 0.06 
New Hampshire 0.08 0.07 


New Jersey 0.25 0.23 
New Mexico 0.03 0.03 
New York 0.78 0.71 
North Carolina 0.24 0.22 
North Dakota 0.08 0.07 


Ohio 0.22 0.20 
Oklahoma 0.09 0.08 
Oregon 0.07 0.06 
Pennsylvania 0.37 0.34 
Rhode Island 0.04 0.04 


South Carolina 0.10 0.09 
South Dakota 0.07 0.06 
Tennessee 0.11 0.10 
Texas 0.50 0.45 
Utah 0.06 0.05 


Vermont 0.03 0.03 
Virginia 0.17 0.15 
Washington 0.10 0.09 
West Virginia 0.08 0.07 
Wisconsin 0.17 0.15 
Wyoming 0.07 0.06 


United States 7.70 7.00 


 Mercury emission factor for distillate oil is 7.2 lb Hg/trillion Btu.  Calculation was performed assuming that all pollution control devicesa


provide no mercury reduction.
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Table A-5
Estimates of 1994 Coal, Natural Gas, and Oil Consumption


in the Residential Sector Per State (Trillion Btu)


State Natural gas and residuallignite Anthracite Total


Coal


Petroleum distillateBituminous coal and


Alabama 0.1 a 0.1 51.3 0.1 
Alaska 2.9 0.0 2.9 14.9 7.3 
Arizona a a a 30.5 a
Arkansas a a a 42.4 a
California 1.4 a 1.4 531.7 0.9 


Colorado 0.2 0.0 0.2 99.9 0.1 
Connecticut  a 0.2 0.2 42.9 73.2 
Delaware 0.2 a 0.3 8.9 6.9 
Dist. of Col. 0.4 a 0.4 16.0 0.8 
Florida 0.2 a 0.2 15.6 1.5 


Georgia 0.2 a 0.3 108.6 0.7 
Hawaii 0.0 0.0 0.0 0.6 a
Idaho 0.3 a 0.3 12.8 3.1 
Illinois 2.0 a 2.0 483.7 4.7 
Indiana 2.8 0.1 2.8 159.5 10.6 


Iowa 0.3 0.1 0.4 78.9 5.7 
Kansas 0.3 0.0 0.3 74.1 0.2 
Kentucky 2.5 a 2.5 66.4 4.8 
Louisiana 0.0 0.0 0.0 55.0 0.1 
Maine 0.0 0.1 0.1 0.9 32.9 


Maryland 0.3 0.1 0.3 79.0 29.0 
Massachusetts a 0.3 0.3 122.6 115.1 
Michigan 2.5 a 2.5 376.8 23.5 
Minnesota 1.6 a 1.6 123.6 19.7 
Mississippi 0.0 0.0 0.0 27.9 a


Missouri 1.8 a 1.8 123.3 2.1 
Montana a 0.0 a 19.2 1.1 
Nebraska 0.1 0.0 0.1 43.7 0.9 
Nevada a 0.0 a 22.0 0.9 
New Hampshire 0.0 0.1 0.1 6.7 22.2 


New Jersey 0.0 0.2 0.2 225.4 71.9 
New Mexico 0.1 a 0.1 30.9 a
New York 0.8 1.4 2.2 395.9 155.9 
North Carolina 2.3 a 2.3 49.2 19.0 
North Dakota 0.7 0.0 0.7 11.3 4.3 


Ohio 4.2 0.1 4.3 356.0 28.5 
Oklahoma a 0.0 a 71.0 a
Oregon a a a 30.2 5.4 
Pennsylvania 2.2 13.6 15.8 278.1 115.3 
Rhode Island 0.0 a a 17.9 20.5 


South Carolina 0.5 0.1 0.6 24.2 3.9 
South Dakota 0.1 a 0.1 12.2 3.1 
Tennessee 0.8 a 0.8 59.2 1.8 
Texas  a a a 222.5 a
Utah 0.9 a 0.9 52.3 0.7 


Vermont a 0.0 a 2.4 12.6 
Virginia 2.7 a 2.8 67.7 28.6 
Washington 0.7 0.0 0.7 55.3 8.9 
West Virginia 0.8 a 0.8 37.5 3.4 
Wisconsin 0.4 a 0.5 129.7 28.0 
Wyoming 1.6 0.0 1.6 12.2 0.4 


United States 38.6 16.4 55.1 4,980.4 880.0 


 Number less than 0.05.a


Source:  U.S. Department of Energy.  State Energy Data Report.  Report No. DOE/EIA-0214(94).  October 1996.
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Table A-6
Estimates of Mercury Emissions From


Coal-Fired Residential Boilers on a Per-State Basis For 1994


State Ton/Yr Mg/Yr


Mercury emissionsa


Alabama 0.001 0.001
Alaska 0.023 0.021 
Arizona b b 
Arkansas b b 
California 0.011 0.010 


Colorado 0.001 0.001 
Connecticut 0.001 0.001 
Delaware 0.002 0.002 
Dist. of Col. 0.003 0.003 
Florida 0.001 0.001 


Georgia 0.002 0.002 
Hawaii 0.000 0.000 
Idaho b b 
Illinois 0.017 0.015 
Indiana 0.023 0.021 


Iowa 0.003 0.003 
Kansas 0.002 0.002 
Kentucky 0.020 0.018 
Louisiana 0.000 0.000 
Maine 0.001 0.001 


Maryland 0.003 0.003 
Massachusetts 0.003 0.003 
Michigan 0.020 0.018 
Minnesota 0.012 0.011 
Mississippi 0.000 0.000 


Missouri 0.014 0.013 
Montana b b 
Nebraska b b 
Nevada b b 
New Hampshire 0.001 0.001 


New Jersey 0.001 0.001 
New Mexico b b 
New York 0.019 0.017 
North Carolina 0.019 0.017 
North Dakota 0.006 0.005 


Ohio 0.034 0.031 
Oklahoma b b 
Oregon b b 
Pennsylvania 0.140 0.127 
Rhode Island b b 


South Carolina 0.001 0.001 
South Dakota 0.001 0.001 
Tennessee 0.007 0.006 
Texas b b 
Utah 0.007 0.006 


Vermont b b 
Virginia b b 
Washington 0.022 0.020 
West Virginia 0.006 0.005 
Wisconsin 0.003 0.003 
Wyoming 0.012 0.011 


United States 0.457 0.415 


 Mercury emission factors of 16 lb Hg/trillion Btu and 18 lb Hg/trillion Btu were used for bituminous and anthracite coal, respectively.  Noa


control of emissions from residential boilers was assumed.
 Number less than 0.05.b
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Table A-7
Estimates of Mercury Emissions From Oil-Fired
Residential Boilers on a Per-State Basis For 1994


State


Mercury emissionsa


Ton/Yr Mg/Yr


Alabama 0.0002 0.0002 
Alaska 0.0263 0.0239 
Arizona 0.0001 0.0001 
Arkansas      b      b 
California 0.0031 0.0028 


Colorado 0.0006 0.0005 
Connecticut 0.2629 0.2390 
Delaware 0.0246 0.0224 
Dist. of Col. 0.0028 0.0025 
Florida 0.0052 0.0047 


Georgia 0.0023 0.0021 
Hawaii      b      b 
Idaho 0.0110 0.0100 
Illinois 0.0169 0.0154 
Indiana 0.0383 0.0348 


Iowa 0.0204 0.0185 
Kansas 0.0006 0.0005 
Kentucky 0.0171 0.0155 
Louisiana 0.0002 0.0002 
Maine 0.1180 0.1073 


Maryland 0.1043 0.0948 
Massachusetts 0.4136 0.3760 
Michigan 0.0928 0.0767 
Minnesota 0.0708 0.0644 
Mississippi      b      b 


Missouri 0.0074 0.0067
Montana 0.0040 0.0036 
Nebraska 0.0034 0.0031 
Nevada 0.0032 0.0029 
New Hampshire 0.0799 0.0726 


New Jersey 0.2583 0.2348 
New Mexico 0.0002 0.0002 
New York 0.5600 0.5091 
North Carolina 0.0750 0.0620 
North Dakota 0.0153 0.0139 


Ohio 0.1024 0.0931 
Oklahoma      b       b 
Oregon 0.0196 0.0178 
Pennsylvania 0.4143 0.3766 
Rhode Island 0.0736 0.0669 


South Carolina 0.0140 0.0127 
South Dakota 0.0112 0.0102 
Tennessee 0.0064 0.0058 
Texas 0.0001 0.0001 
Utah 0.0023 0.0021 


Vermont 0.0453 0.0412 
Virginia 0.1029 0.0935 
Washington 0.0319 0.0290 
West Virginia 0.0122 0.0111 
Wisconsin 0.1003 0.0912 
Wyoming 0.0014 0.0013 


United States     3.1613 2.8739


 Mercury emission factor for distillate oil is 7.2 lb Hg/trillion Btu.  Calculations performed under the assumption that air pollution controla


devices provide no mercury reduction.
 Number less than 0.05.b
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Table A-8
Existing MWC Facilities


Facility County State


Juneau Juneau Burough AK


Sitka (Sheldon Jackson College) Sitka Borough AK


Huntsville Madison/Limestone AL


Batesville Independence AR


Blytheville Incinerator Mississippi AR


Stuttgart Incinerator Arkansas AR   


Osceola Mississippi AR


Commerce Refuse-to-Energy Fac. Los Angeles CA


Long Beach (SERRF) Los Angeles CA


Stanislaus (Modesto) Stanislaus CA


Bridgeport RESCO Fairfield CT


Bristol RRF Hartford CT


MID-Connecticut Project Hartford CT


Town of New Canaan Volume Fairfield CT
Reduction Plane      


Southeastern Connecticut RRF New London CT


Bay Resource Mgt. Center Bay FL


Hillsborough County RRF Hillsborough FL


Broward County RRF North Broward   FL      


Broward County RRF South Broward FL


Pasco County Solid Waste RRF Pasco FL


Mayport NAS Duval   FL


Dade County Dade FL


Miami International Airport Dade FL


Lake County RR Lake FL


McKay Bay REF Hillsborough FL


Southernmost WTE Monroe FL


Wheelabrator Pinellas RRF Pinellas FL


North Co. Region RR Project  West Palm Beach FL


Savannah RRF Chatham GA


Honolulu Resource Recovery Honolulu HI







Table A-8 (continued)
Existing MWC Facilities


Facility County State
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Burley Cassia ID


Northwest WTE Cook & DuPage IL


Indianapolis RRF Marion IN


Springfield RRF Hampden MA


Fall River Incinerator Bristol MA


Haverhill RRF Essex MA


Haverhill Lawrence RDF Essex MA


North Andover RESCO Essex MA


Pittsfield RRF Pittsfield MA


SEMASS RRF Plymouth MA


Saugus RESCO Essex MA


Pittsfield RRF Berkshire MA  


Wheelabrator Millbury Worcester MA


Harford County WTE Fac. Harford MD


Southwest RRF (RESCO) Independent City MD


Pulaski Independent City MD


Biddeford Biddeford ME


Mid Maine Waste Action Corp. Androscoggin ME   


Penobscot Energy Recovery Co. Penobscot ME


Maine Energy Recovery York ME


Jackson Co. RRF     Jackson MI


Kent Co. WTE Fac. Kent MI


Clinton Township Macomb MI


Greater Detroit RRF Wayne MI


Central Wayne Co. Sanitation Wayne MI
Auth


Elk river FFR Anoka MN


Wilmarth Plant Blue Earth & Nicollet MN


Pope-Douglas Solid Waste Douglas MN


Ramsey-Washington Goodhue MN


Red Wing Solid Waste Boiler Goodhue MN
Facility







Table A-8 (continued)
Existing MWC Facilities


Facility County State
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Hennepin Energy Recovery Hennepin MN
Facility


Olmstead WTE Facility Olmstead MN


Perham Renewable RF Otter Tail MN


Fergus Falls Otter Tail MN


Polk Co. Solid Waste Resource Polk MN
Recovery


Richards Asphalt Co. Facility Savage MN


Western Lake Superior Sanitary St. Louis MN
District


Pascagoula Energy Recovery Jackson   MS
Facility


Livingston (Park County) Livingston MT


NIEHS          Durham NC


University City RRF Mecklenburg NC


New Hanover Co. WTE New Hanover NC


Wheelabrator Concord Merrimack NH


Lamprey Regional SW Coop. Strafford NH


SES Claremont RRF Sullivan NH     


Fort Dix RRF        Burlington NJ


Camden RRF Camden NJ


Essex Co. RRF Essex NJ


Gloucester County Gloucester NJ


Union Co. RRF Union NJ


Warren Energy RF Warren NJ


Dutchess Co. RRF Dutchess NY    


Kodak RRF Monroe NY


Hempstead Nassau NY


Long Beach RRF Nassau NY  


Niagara Falls RDF WTE Niagara NY


Oneida Co. ERF Oneida NY


Onondada Co. RRF Onondaga NY


Oswgo Co. WTE Oswego NY







Table A-8 (continued)
Existing MWC Facilities


Facility County State
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Babylon RRF Suffolk NY


Huntington RRF Suffolk NY


MacArthur WTE Suffolk NY


Adrirondack RRF Washington NY


Westchester RESCO Westchester NY


Montgomery Co. North RRF Montgomery OH


Montgomery Co. South RRF Montgomery OH


Miami RRF Ottawa OK


Walter B. Hall RRF Tulsa & Osage OK


Coos Bay Incinerator Coquille OR


Marion Co. WTE Marion OR


Wheelabrator Falls RRF   Bucks PA


Harrisbury WTE Dauphin PA


Delaware Co. RRF Delaware PA


Lancaster Co. RRF Lancaster PA


Montgomery Co. RRF Montgomery PA


Westmoreland WTE Fac. Westmoreland PA 


York Co. RR Center York    PA


Foster Wheeler Charleston RR Charleston SC


Chamber Medical Tech. Of SC Hampton SC


Nashville Thermal Transfer Corp Davidson TN


Resource Authority in Sumner Co. Sumner TN
 


City of Cleburne Johnson TX


Panola Co. WTE Panola TX


Center RRF Shelby  TX


Davis Co. WTE Davis UT


Alexandria/Arlington RRF Alexandria VA


Arlington-Pentagon   Arlington VA


I-95 Energy RRF (Fairfax) Fairfax VA  


Norfolk Navy Yard Independent City VA







Table A-8 (continued)
Existing MWC Facilities


Facility County State
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NASA Refuse-fired Steam Independent City VA
Generator


Harrisonburg RRF Rockingham VA


Tacoma Pierce WA


Skagit Co. RRF Skagit WA


Spokane Regional Disposal Fac. Spokane WA


Recomp Bellingham RRF Whatcom WA


Barron Co. WTE Fac. Barron WI


La Crosse Co. La Crosse WI


Sheboygan Sheboygan WI


St. Croix Co. WTE Fac. St. Croix WI


Source: U.S. Environmental Protection Agency, 1995.  �Municipal Waste Combustors: Background Information
Document for Promulgated Standards and Guidelines -- Public Comments and Responses.� EPA-453/R-
95-0136.  Research Triangle Park, NC.  October 1995.
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Table A-9
Mercury Emissions From MWCs by Combustor Type For 1995


Combustor Gas concentration, Value, capacity
type Control? ug/dscm @ 7% O Btu/lb factor


Acid Average mercury Heating Average


2


Annual Emissions


Mg/yr Tons/yr


Mass Burn
Y 205 4500 0.91 12.1 13.3


N 340 4500 0.91 9.8 10.8


Refused
Derived


Fuel


Y 35 5500 0.91 0.9 1.0


N 260 5500 0.91 2.6 2.9


Modular /
Starved Air


Y 205 4500 0.74 0.0 0.0


N 340 4500 0.74 1.1 1.2


Modular /
Excess Air


Y 205 5500 0.74 0.1 0.1


N 340 5500 0.74 0.3 0.3


Total 26.9 29.6


Basis of Input Data for EPA's Emissions Calculations


1. The following criteria were used for assigning the average mercury concentrations associated with different combustor
types:  


� any non-RDF (refused derived fuel) combustor without acid gas control was assigned 340 µg/dscm @ 7
% O .2


� any non-RDF combustor with acid gas control was assigned 205 µg/dscm @ 7 % O .2
� any RDF combustor without acid gas control was assigned 260 µg/dscm @ 7 % O .2
� any RDF combustor with acid gas control was assigned 35 µg/dscm @ 7 % O .2


2. The F-factor for municipal waste combustors was assumed to be 9,570 dscf/MMBtu at 0 percent oxygen and the
heating values were assumed to be 4,500 Btu/lb for unprocessed MSW and 5,500 Btu/lb for RDF.


3. The average capacity factor, which represents the percentage of operational time a plant would operate during a year at
100 percent capacity, for modular / starved air combustors was assumed to be 74 percent.  The value for all other types
of combustors was assumed to be 91 percent.


 
Calculations


Volumetric Flow Factor (V)


V = F-factor * heating value * (2000 lb/ton) * (20.9 / (20.9 - 7)) / (35.31 dscf/dscm) / (10  Btu/ MMBtu)6


� For non-RDF combustors: V = 3,670 dscm @ 7% O  / ton MSW2
� For RDF combustors: V = 4,457 dscm @ 7% O  / ton MSW2


Annual Mercury Emissions (E)


E = C * V * T * CF / 1012


where:


 C    = flue gas mercury concentration (µg/dscm @ 7% O )2
 V = volumetric flow factor (dscm  @ 7% O  / ton waste)2
 T    = MWC unit capacity (tons/year), and
CF = capacity factor (unitless)


Source: Locating and Estimating Air Emissions from Sources of Mercury and Mercury Compounds.  U.S. Environmental
Protection Agency.  May 1997







A-16


Table A-10
MWI Population By State


State No.


Alabama 54
Alaska 0
Arizona 14
Arkansas 39
California 23


Colorado 39
Connecticut 25
Delaware 8
District of Columbia 3
Florida 44
Georgia 103


Hawaii 0
Idaho 12
Illinois 108
Indiana 92
Iowa 34


Kansas 114
Kentucky 37
Louisiana 92
Maine 36
Maryland 82


Massachusetts 109
Michigan 287
Minnesota 119
Mississippi 21
Missouri 59


Montana 5
Nebraska 33
Nevada 0
New Hampshire 17
New Jersey 61


New Mexico 0
New York 18
North Carolina 90
North Dakota 76
Ohio 126


Oklahoma 32
Oregon 0
Pennsylvania 72
Rhode Island 11
South Carolina 26







Table A-10 (continued)
MWI Population By State


State No.
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South Dakota 0
Tennessee 57
Texas 63
Utah 2
Vermont 3


Virginia 65
Washington 31
West Virginia 14
Wisconsin 10
Wyoming 7
Grand Total 2373


Source: Docket #A-91-61, Item IV-A-007.
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APPENDIX B
MERCURY REMOVAL CAPABILITIES OF PARTICULATE


MATTER AND ACID GAS CONTROLS FOR UTILITIES


Existing air pollution control devices (APCDs) on utilities typically control either particulate
matter (PM) or sulfur dioxide (SO ) emissions, or both.  Nitrogen oxides may be controlled by an APCD,2


but are usually controlled by combustion modification.  Generally, a wet scrubber is used to control SO2


emissions only, while a dry scrubber can control SO  emissions and PM because it is usually built with a2


downstream PM collector.  Devices that control PM only include fabric filters (FFs), electrostatic
precipitators (ESPs), mechanical collectors (cyclones), and venturi scrubbers.


Mercury, however, is not well controlled by particulate matter APCDs because mercury is
emitted as a mixture of solid and gaseous forms.


Mercury removal effectiveness is shown in this appendix as percent removal.  Percent removal is
equivalent to one minus the emission modification factor (EMF).  For example, a 17.3 percent removal
indicates an EMF of 0.827 or that 17.3 percent of the total mercury has been collected by that type of
control device.  Calculation of EMF's is described in Section 4.1.1.3.  The EMF values are presented in
Appendix C.


B.1 Scrubbers


Wet scrubbers or flue gas desulfurization (FGD) units for coal-fired plants are typically used to
remove acid gases (mainly SO  emissions).  Most utility boilers are equipped with an ESP or FF before2


the wet FGD units to collect PM.


Figure B-1 shows the relationship between mercury removal and the inlet temperature for wet
FGD devices.  Table B-1 summarizes available test data for FGD units.  FGDs have a median mercury
removal efficiency of about 22.6 percent, with a range from 0 percent to 61.7 percent removal.   The
correlation between FGD inlet temperature and mercury removal is difficult to determine.  This difficulty
is compounded by having only five data sites and two of the five test sites employ flue gas bypasses in
their design.  A bypass means that part of the flue gas is diverted around the FGD while the majority of
the flue gas is treated.
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Table B-1
Test Data for FGD Units


Unit Control Device Hg Removal Reference
%


EPRI Site 11 Wet limestone FGD (inlet Hg
concentration of 9.9 �g/dscm)


10.87 Radian, 1993a


EPRI Site 12 Wet limestone FGD 0.00 Radian, 1993b


NSP Sherburne 1 & 2 Test A Wet limestone FGD (inlet Hg
concentration of 8.1 �g/dscm)


22.63 Interpoll, 1990a


NSP Sherburne 1 & 2 Test B Wet limestone FGD (inlet Hg
concentration of 11.6 �g/dscm)


59.3 Interpoll, 1991


DOE Yates Wet limestone and jet bubbling
reactor FGD (inlet Hg concentration 45.91 EPRI, 1993a
of 6.0 �g/dscm)


DOE Coal Creek Wet lime FGD (inlet Hg
concentration of 10.0 �g/dscm)


12.05 Battelle, 1993a


EPRI Site 20 Wet limestone FGD (inlet Hg
concentration of 12.5 �g/dscm)


20.15 Radian, 1994b


EPRI Site 101 Wet lime FGD (inlet Hg
concentration of 5.6 �g/dscm)


61.67 Radian, 1994c


DOE Paradise Wet limestone FGD (inlet Hg Southern
concentration of 9.5 �g/dscm) 45.10 Research


Institute, 1995a


Median 22.63


Mean 30.85


Standard deviation 22.57


 This unit was re-tested for mercury as part of a ESP/FGD system.  Since there was no way of determining whicha


component (the ESP or the FGD) was responsible for any mercury removal, the ESP was given the full credit for
removal, as shown in the site 12 ESP data in Table B-4.


B.2 SDA or Dry Scrubbing


A spray dryer adsorber (SDA) process is a dry scrubbing system followed by a particulate
control device.  A lime/water slurry is sprayed into the flue gas stream and the resulting dry solids are
collected by an ESP or an FF.  


Figure B-2 shows the relationship between mercury removal and the inlet temperature for the
SDA/FF systems.  Available SDA data are presented in Table B-2.  SDA/FF systems have a median
mercury removal efficiency of about 23.9 percent, with a range from 0 percent to 54.5 percent removal.
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Table B-2
Spray Dryer Adsorption Data


Unit Control Device Hg Removal % Reference


EPRI Site 14 SDA/FF (inlet Hg concentration of 1.0 0 Radian, 1993c
�g/dscm)


DOE Springerville SDA/FF (inlet Hg concentration of 8.3 2.16 Southern Research
�g/dscm) Institute, 1993a


Sherburne 3 Test A SDA/FF (inlet Hg concentration of 6.8 45.71 Interpoll, 1990b
�g/dscm)


Sherburne 3 Test B SDA/FF (inlet Hg concentration of 13.4 54.5 Interpoll, 1991
�g/dscm)


Median 23.94


Mean 25.59


Standard deviation 28.54


B.3 Fabric Filters


Figure B-3 shows the relationship between mercury removal and the PM collection efficiency
(percent) for FFs (controlling coal-fired units).  Available FF data are presented in Table B-3.  Fabric
filters have a median mercury removal efficiency of about 8.39 percent, with a range from 0 percent to
73.36 percent removal.
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Table B-3
Fabric Filter Data


Unit Control Device Hg Removal % Reference


EPRI Site 13 FF (inlet Hg concentration of 0 Radian, 1993d
0.3 �g/dscm)


EPRI Site 115 FF (inlet Hg concentration of 73.36 Carnot, 1994a
1.8 �g/dscm)


NSP Riverside 6 & 7 FF (inlet Hg concentration of 0 Interpoll, 1992a
4.8 �g/dscm)


DOE Niles #2 w/NO FF (inlet Hg concentration of 8.39 Battelle, 1993bX 


25.8 �g/dscm)


DOE Boswell FF (inlet Hg concentration of 60.59 Weston, 1993a
6.4 �g/dscm)


Median 8.39


Mean 28.47


Standard deviation 35.61


B.4 Electrostatic Precipitators


Electrostatic precipitators are the most widely used control device by the fossil fuel-fired electric
utility industry.  There are two design locations for ESPs, cold-side (CS) and hot-side (HS).  Cold-side
ESPs are located after the air preheater, thus it is subjected to a lower flue gas temperature than a hot-
side ESP which is located before the air preheater.


Figure B-4 shows the relationship between mercury removal and the PM collection efficiency
(percent) for cold-side ESPs (controlling coal-fired units).  Table B-4 presents available test data for such
EPSs.  Cold-side ESPs have a median mercury removal efficiency of about 16.2 percent, with a range
from 0 percent to 82.4 percent removal.


Figure B-5 shows the relationship between mercury removal and the PM collection efficiency
(percent) for hot-side ESPs (controlling coal-fired units).  Available test data for hot-side ESPs
(controlling coal-fired units) are shown in Table B-5.  There was no apparent control of mercury by a
hot-side ESP.  However, the data were collected from only one emission test where two separate sample
runs were analyzed.


Figure B-6 shows the relationship between mercury removal and the PM collection efficiency
(percent) for cold-side ESPs (controlling oil-fired units).  Table B-6 presents available test data for such
configurations.  In these emission tests cold-side ESPs (controlling oil-fired units) had a median mercury
removal efficiency of about 62.4 percent, with a range from 41.7 percent to 83 percent removal.  It
should be noted that data for mercury control by cold-side ESPs (controlling oil-fired units) were
available from only two test sites.
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Table B-4
Test Data for Cold-Side Electrostatic Precipitators (Controlling Coal-Fired Units)


Unit Control Device Hg Reference
Removal


%


EPRI Site 11 ESP, CS (inlet Hg concentration of 3.4 �g/dscm) 0.00 Radian, 1993a


EPRI Site 12 ESP, CS (inlet Hg concentration of 9.1 �g/dscm) 82.35 Radian, 1993b


EPRI Site 15 ESP, CS (inlet Hg concentration of 4.9 �g/dscm) 0.00 Radian, 1992a


EPRI Site 102 ESP, CS (inlet Hg concentration of 9.0 �g/dscm) 0.00 Radian, 1993e


NSP High Bridge 3,4,5,6 ESP, CS (inlet Hg concentration of 4.4 �g/dscm) 6.87 Interpoll,
1992b


NSP High Bridge 1,3,4 ESP, CS (inlet Hg concentration of 5.1 �g/dscm) 8.21 Interpoll,
1992c


NSP Black Dog #2 ESP, CS (inlet Hg concentration of 2.8 �g/dscm) 21.56 Interpoll,
1992d


NSP Riverside #8 ESP, CS (inlet Hg concentration of 2.9 �g/dscm) 0.00 Interpoll,
1992e


EPRI Site 114 / Test A ESP, CS (inlet Hg concentration of 10.6 �g/dscm) 29.8 Radian, 1994a


EPRI Site 114 / Test B ESP, CS (inlet Hg concentration of 10.6 �g/dscm) 16.16 Radian, 1994a


DOE Niles #2 ESP, CS (inlet Hg concentration of 24.7 �g/dscm) 26.55 Battelle, 1993c


DOE Yates ESP, CS (inlet Hg concentration of 5.9 �g/dscm) 55.23 EPRI, 1993a


DOE Coal Creek ESP, CS (inlet Hg concentration of 11.0 �g/dscm) 13.15 Battelle, 1993a


EPRI Site 16/OFA/LNO  Burners ESP, CS (inlet Hg concentration of 11.5 �g/dscm) 54.8 EPRI, 1993bX


EPRI Site 16/OFA ESP, CS (inlet Hg concentration of 7.6 �g/dscm) 9.38 EPRI, 1993b


DOE Cardinal ESP, CS (inlet Hg concentration of 2.3 �g/dscm) 73.9 EERC, 1993


DOE Baldwin ESP, CS (inlet Hg concentration of 7.0 �g/dscm) 26.13 Weston, 1993b


EPRI Site 116 ESP, CS (inlet Hg concentration of 12.1 �g/dscm) 7.59 Radian, 1994d


Median 14.66


Mean 23.98


Standard deviation 25.87
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Table B-6
Test Data for Cold-Side Electrostatic Precipitators (Controlling Oil-Fired Units)


Unit Control Device Hg Removal % Reference


EPRI Site 112 (oil-fired) ESP, CS (inlet Hg concentration of 1.8 83 Carnot, 1994b
�g/dscm)


EPRI Site 118 (oil-fired) ESP, CS (inlet Hg concentration of 1.4 41.7 Carnot, 1994c
�g/dscm)


Median 62.35


Mean 62.35


Standard deviation 29.2


B.5 Mechanical Collectors and Venturi Scrubbers


Mechanical collectors typically have very low collection efficiencies, often lower than 30
percent for particles in the 0 to 0.3 µm size range.  These devices are used as gross particulate removal
devices before ESPs or as APCDs on oil-fired units.  Venturi scrubbers can be effective for particulate
control but require high pressure drops (more than 50 or 60 in. of water) for small particles.  Even with
high pressure drops, ESPs and FFs are normally more effective for submicron particles.  Mechanical
collectors and venturi scrubbers are not expected to provide effective mercury removal, especially for
those mercury compounds concentrated in the submicron PM fractions and in the vapor phase and, thus,
are not discussed in this study.
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Table C-1
Emission Modification Factors for Utility Boiler Emission Estimatesa


Type of APCD or Boiler EMF Factor


Fabric Filter 0.626


Spray Dryer Adsorber (includes a fabric filter) 0.701


Electrostatic precipitator (cold-side) 0.696


Electrostatic precipitator (hot-side) 1.000


Electrostatic precipitator (oil-fired unit) 0.315


Particulate matter scrubber 0.957


Fluidized gas desulfurization scrubber 0.656


Circulating fluidized bed combustor 1.000


Cyclone-fired boiler without NOx control (wet bottom, coal-fired) 0.856


Front-fired boiler without NOx control (dry bottom, coal-fired) 0.764


Front-fired boiler without NOx control (dry bottom, gas-fired) 1.000


Tangential-fired boiler without NOx control (before a hot-side ESP, 1.000
coal-fired)


Tangential-fired boiler with NOx control (before a hot-side ESP, coal- 0.748
fired)


Front-fired boiler without NOx control (dry bottom, oil-fired) 1.000


Front-fired boiler with NOx control (dry bottom, oil-fired) 1.000


Opposed-fired boiler without NOx control (dry bottom oil-fired) 0.040


Tangentially-fired boiler without NOx control (dry bottom, oil-fired) 1.000


Tangentially-fired boiler with NOx control (dry bottom, oil-fired) 1.000


Opposed-fired boiler with NOx control (dry bottom, coal-fired) 0.812


Opposed-fired boiler without NOx control (wet bottom, coal-fired) 0.918


Tangentially-fired boiler without NOx control (dry bottom, coal-fired) 1.000


Tangentially-fired boiler with NOx control (dry bottom, coal-fired) 0.625


Vertically-fired boiler with NOx control (dry bottom, coal-fired) 0.785


 To calculate mercury control efficiency for a specific boiler/control device configuration, the EMF is subtracted from 1.a
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EXECUTIVE SUMMARY


Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, directs the U.S.
Environmental Protection Agency (U.S. EPA) to submit to Congress a comprehensive study on emissions
of mercury to the air.  Volume VI, which addresses the ecological exposure and effects assessment for
mercury and mercury compounds, is part of an eight-volume report developed by U.S. EPA in response
to this directive.


Volume VI is an ecological risk assessment for anthropogenic mercury emissions.  It follows the
format of the U.S. EPA Framework for Ecological Risk Assessment (U.S. EPA, 1992a), with minor
changes as suggested in the draft Proposed Guidelines for Ecological Risk Assessment (U.S. EPA, 1996). 
The first step in the Framework is the problem formulation phase, wherein the potential ecological
impacts of mercury are reviewed.  This is followed by the presentation of a conceptual model describing
how airborne mercury accumulates in aquatic biota, biomagnifies in aquatic food chains and is consumed
by wildlife that eat contaminated fish.  Subsequent steps in the assessment include exposure and effects
assessments.  Exposure and effects information are then considered together in an effort to develop
qualitative statements about the risk of airborne mercury emissions to piscivorous avian and mammalian
wildlife.  An outcome of this effort is a recalculation of the wildlife criterion (WC) value for mercury in
aquatic systems.  A characterization of the risks to wildlife from anthropogenic mercury emissions is
provided in Volume VII of this Report to Congress.


Scope of the Assessment


The scope of this assessment was limited solely to anthropogenic mercury that is emitted directly
to the atmosphere.  The origins and extent of these emissions are reviewed in Volume II of this Report. 
This analysis did not address mercury originating from direct wastewater discharge to water bodies,
mining waste or the application of mercurial pesticides.  In a number of instances, these and other "point"
sources have been related to unacceptably high mercury levels in fish, triggering site-specific fish
consumption advisories.  Clearly, where such point sources exist, there is a need to address the combined
impacts of mercury originating from all sources, including air emissions.


Mercury in the Environment


Wet deposition is thought to be the primary mechanism by which mercury emitted to the
atmosphere is transported to surface waters and land, although dry deposition may also contribute
substantially.  Once deposited, mercury enters aquatic and terrestrial food chains.  Mercury
concentrations increase at successively higher trophic levels as a result of bioconcentration,
bioaccumulation and biomagnification.  Of the various forms of mercury in the environment,
methylmercury has the highest potential for bioaccumulation and biomagnification.  Predators at the top
of these food chains are potentially at risk from consumption of methylmercury in contaminated prey. 
Based on a review of available information, it was concluded that piscivorous (fish-eating) birds and
mammals are particularly at risk from mercury emissions.  This risk is likely to be greatest in areas that
receive high levels of mercury deposition, although local and regional factors can substantially impact
the amount of total mercury that is translocated from watersheds to waterbodies and undergoes chemical
transformation to the methylated species.
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The assessment endpoint for this ecological risk assessment is the maintenance of self-sustaining
wildlife populations.  Measurement endpoints include the growth and survival of individual animals,
reproductive success, and behavior.


Exposure of Piscivorous Wildlife to Mercury


Exposure was characterized in a progressive manner, with varying reliance on computer models
for mercury deposition and fate.  The objective of this analysis was to characterize the extent to which
piscivorous wildlife are exposed to mercury originating from airborne emissions.  Details on exposure
assessment inputs, methods and results can be found in Volumes III and IV of this Report.  Three general
approaches were used, which are described as follows.


1. Estimation of current average exposure to piscivorous wildlife on a nationwide basis.


The first analysis was conducted without computer models.  Estimates of current mercury
exposure to selected piscivorous wildlife species were calculated as the product of the fish consumption
rate and measured mercury concentrations in fish.  This analysis was not intended to be a site-specific
analysis, but rather to provide national exposure estimates for piscivorous wildlife.  This analysis used
mean total mercury measurements from two nationwide studies of fish residues and published fish
consumption data for the selected wildlife species.  The relative ranking of exposure in �g/kg bw/d of
selected wildlife species was as follows:  kingfisher > river otter > loon =osprey = mink > bald eagle.


2. Estimation of mercury deposition on a regional scale (40 km grid) and comparison of these
deposition data with species distribution information.


The second type of analysis was carried out on a regional scale.  A long-range atmospheric
transport model (RELMAP) was used in conjunction with the mercury emissions inventory provided in
Volume II of this Report to generate predictions of mercury deposition across the continental U.S. 
Ecosystems subject to high levels of mercury deposition will be more exposed to mercury than
ecosystems with lower levels of mercury deposition.  The pattern of mercury deposition nationwide,
therefore, will influence which ecoregions and ecosystems might be exposed to hazardous levels of
mercury.  Thus, predictions of mercury deposition were compared with the locations of major lakes and
rivers, national resource lands, threatened and endangered plant species and the distributions of selected
piscivorous wildlife species.  Additionally, mercury deposition data were superimposed onto a map of
surface waters impacted by acid deposition, because it has been shown that low pH values are often
correlated with high levels of mercury in fish.  The extent of overlap of selected species distributions
with areas receiving high rates of deposition (>5 µg/m ) was characterized.2


Avian wildlife considered in this analysis included species that are widely distributed
(kingfishers) and narrowly distributed (bald eagles, ospreys, and loons).  All the birds selected were
piscivores that feed at or near the top of aquatic food chains and are therefore at risk from biomagnified
mercury.  Two of the mammals selected for this analysis (mink and river otters) are piscivorous and
widely distributed.  The other mammal selected, the Florida panther, is not widely distributed but is listed
as an endangered species.  The Florida panther lives in an environment known to be contaminated with
mercury and preys upon small mammals (such as raccoons), which may contain high tissue burdens of
mercury.  Results for each avian and mammalian species are summarized in Table ES-1.







ES-3


Table ES-1
Percent of Species Range Overlapping


 with Regions of High  Mercury Deposition


Species
Percent of Range


Impacted


Kingfisher 29%


Bald Eagle 34%


Osprey 20%


Common Loon 40%


Florida Panther 100%


Mink 35%


River Otter 38%


Approximately 29% of the
kingfisher's range occurs within regions
of high mercury deposition. On a
nationwide basis, mercury does not
appear to be a threat to this species. 
However, kingfishers consume more
mercury on a body weight basis than
any other wildlife species examined.


Although a recovery in the
population of bald eagles has resulted in
a status upgrade from "endangered" to
"threatened" in five states (Michigan,
Minnesota, Oregon, Washington and
Wisconsin), bald eagle populations are
still depleted throughout much of their
historical range.  Bald eagles can be
found seasonally in large numbers in
several geographic locations, but most
of these individuals are transient, and
the overall population is still small. 
Historically, eagle populations in the lower 48 states have been adversely impacted by the effects of
bioaccumulative contaminants (primarily DDT and perhaps also PCBs).  Approximately 34% of the bald
eagle's range overlaps regions of high mercury deposition.  Areas of particular concern include the Great
Lakes region, the northeastern Atlantic states and south Florida.


Nationwide, approximately 20% of the osprey's total range overlaps regions of high mercury
deposition; however, a much larger fraction of the osprey's eastern population occurs within these
regions.  The osprey diet consists almost exclusively of fish.  Osprey populations underwent severe
declines during the 1950s through the 1970s due to widespread use of DDT and related compounds.


Nearly 40% of the loon's range is located in regions of high mercury deposition.  Limited data
from a study of a mercury point source showed that loon reproductive success was negatively correlated
with exposure to mercury in a significant dose-response relationship.  In some cases, mercury residues in
fish collected from lakes used as loon breeding areas may exceed levels that, on the basis of this point
source study, are associated with reproductive impairment.  Loons frequently breed in areas that have
been adversely impacted by acid deposition.  An assessment of mercury’s effects on loon populations is
complicated by the fact that decreases in surface water pH have been associated with both increased
mercury residues in fish and declines in the available forage base.


All (100%) of the panther’s range falls within an area of high mercury deposition.  Mercury
levels found in tissues obtained from dead panthers are similar to levels that have been associated with
frank toxic effects in other feline species.  The State of Florida has taken measures to reduce the risk to
panthers posed by mercury.  Existing plans include measures to increase the number of deer available as
prey in order to reduce the reliance of panthers on raccoons.  Raccoons frequently feed at or near the top
of aquatic food webs and can accumulate substantial tissue burdens of mercury.  An evaluation of the
risk posed by mercury to the Florida panther is complicated by the possible impacts of other chemical
stressors, habitat loss, and inbreeding.
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Approximately 35% of the range of mink habitat coincides with regions of high mercury
deposition nationwide.  Mink occupy a large geographic area and are common throughout the U.S. 
Given the opportunity, mink will prey on small mammals and birds.  Many subpopulations, however,
prey almost exclusively on fish and other aquatic biota.  Due to allometric considerations, mink may be
exposed to more mercury on a body weight basis than larger piscivorous mammals feeding at higher
trophic levels.  In several cases, mercury residues in wild-caught mink have been shown to be equal to or
greater than levels associated with toxic effects in the laboratory.


River otter habitat overlaps regions of high mercury deposition for about 14% of the range for
this species.  River otters occupy large areas of the U.S., but their population numbers are thought to be
declining in both the midwestern and southeastern states.  The river otter's diet is almost exclusively of
aquatic origins and includes fish (primarily), crayfish, amphibians and aquatic insects.  The consumption
of large, piscivorous fish puts the river otter at risk from bioaccumulative contaminants including
mercury.  Like the mink, mercury residues in some wild-caught otters have been shown to be close to,
and in some cases greater than, concentrations associated with frank toxic effects.


3. Estimation of mercury exposure on a local scale in areas near emissions point sources.


A final analysis was conducted using a local-scale atmospheric fate model (GAS-ISC3), in
addition to the long-range transport data and an indirect exposure methodology, to predict mercury
concentrations in water and fish under a variety of hypothetical emissions scenarios.  GAS-ISC3
simulated mercury deposition originating from model plants representing a range of mercury emissions
source classes.  The four source categories were selected based on their estimated annual mercury
emissions or their potential to be localized point sources of concern.  The categories selected were these: 
municipal waste combustors (MWCs), medical waste incinerators (MWIs), utility boilers, and chlor-
alkali plants. To account for the long-range transport of emitted mercury, the 50th percentile RELMAP
atmospheric concentrations and deposition rates were included in the estimates from the local air
dispersion model. To account for other sources of mercury, estimates of background concentrations of
mercury were also included in this exposure assessment.


These data were used to estimate the contributions of different emission source types to mercury
exposure of selected wildlife species.  It was concluded from this analysis that local emissions sources
have the potential to increase significantly the exposure of piscivorous birds and mammals to mercury.
Important factors related to local source impacts include quantity of mercury emitted by the source,
species and physical form of mercury emitted, and effective stack height. The extent of this local
contribution also depends upon watershed characteristics, facility type, local meteorology, and terrain. 
The exposure of a given wildlife species is also highly dependent upon the fish bioaccumulation factor,
the trophic level(s) at which it feeds and the amount of fish consumed per day.


Although the accumulation of methylmercury in fish tissues appears to be highly variable across
bodies of water, field data were determined to be sufficient to calculate representative means for different
trophic levels. The variability can be seen in the distribution of the methylmercury bioaccumulation
factors (BAF) for fish in trophic levels 3 and 4. These values, summarized in Table ES-2, are believed to
be better estimates of mercury bioaccumulation in natural systems than values derived from laboratory
studies.
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Table ES-2
Percentiles of the Methylmercury Bioaccumulation Factor


Parameter
Percentile of Distribution


5th 25th 50th 75th 95th


Trophic 3 BAF 4.6 x 10 9.5 x 10 1.6 x 10 2.6x10 5.4x105 5 6 6 6


Trophic 4 BAF 3.3x10 5.0x10 6.8x10 9.2x10 1.4x 106 6 6 6 7


Effects Assessment for Mercury


Due to the broad range and extent of mercury emissions throughout the United States, many
potential ecological effects could have been considered.  Neither the available data nor existing
methodology supported evaluation of all possible effects.


The ecosystem effects of mercury are incompletely understood.  No applicable studies of the
effects of mercury on intact ecosystems were found.  The ecological risk assessment for mercury did not,
therefore, address effects of mercury on ecosystems, plant and animal communities or species diversity. 
Effects of methylmercury on fish and other aquatic biota were also not characterized, although there is
evidence of adverse impacts on these organisms following point source releases of mercury and in
aquatic environments affected by urban runoff.


Data on methylmercury effects in wildlife suitable for dose-response assessment are limited to
what are termed "individual effects" in the U.S. EPA Framework for Ecological Risk Assessment (U.S.
EPA, 1992a).  A reference dose (RfD), defined as the chronic NOAEL, was derived for avian species
from studies by Heinz (1975, 1976a,b, 1979) in which three generations of mallard ducks (Anas
platyrhychos) were dosed with methylmercury dicyandiamide.  The lowest dose, 0.5 ppm (78 µg/kg
bw/d), resulted in adverse effects on reproduction and behavior and was designated as a chronic LOAEL. 
A chronic NOAEL was estimated by dividing the chronic LOAEL by a LOAEL-to-NOAEL uncertainty
factor of 3.  Calculated in this manner, the RfD for avian wildlife species is 26 µg/kg bw/d.


The RfD for mammalian species was derived from studies involving subchronic exposures with
mink (Wobeser, 1973, 1976a,b), in which animals were dosed with mercury in the form of mercury-
contaminated fish.  The dose of 0.33 ppm (55 µg/kg bw/d) was selected as the NOAEL for subchronic
exposure.  As this was less than a lifetime exposure, the subchronic NOAEL was divided by a
subchronic-to-chronic uncertainty factor of 3.  Calculated in this manner, the RfD for mammalian
wildlife species is 18 µg/kg bw/d.


Risk Assessment for Mercury


Ecological risk assessment methods relevant to chemical effects on wildlife are reviewed.  The
data needs of these methods vary widely and dictate, to a considerable degree, which methods can be
applied to a given situation.  Guidance is provided on the risk assessment methods that may be most
applicable to airborne mercury emissions, given the nature and extent of currently existing  information. 
Additional guidance is provided by reviewing published assessments for piscivorous species living in the
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Great Lakes region, south Florida, central Ontario, and coastal regions of Georgia, South Carolina and
North Carolina.


The scope of the present Report was intended to be national in scale.  It was determined,
therefore, that any effort to assess the risk of mercury to a given species living in a defined location
would be inappropriate.  Instead, an effort was made to compare mercury exposure and effects in a
general way using data collected from throughout the country and, in so doing, to develop qualitative
statements about risk.


Consistent with this broader-scale approach, an effort was made to derive a wildlife criterion
(WC) value for mercury that is protective of piscivorous wildlife.  This WC is defined as the
concentration of mercury in water that, if not exceeded, protects avian and mammalian wildlife
populations from adverse effects resulting from ingestion of surface waters and from ingestion of aquatic
life taken from these surface waters.  The health of wildlife populations may, therefore, be considered the
assessment endpoint of concern.  Although not generally derived for the purpose of ecological risk
assessment, WC values incorporate the same type of exposure and effects information used in more
standard approaches.  Such calculations also provide for a simple assessment of risk in any given
situation; that is, by determining whether the concentration of mercury in water exceeds the criterion
value.


The principal factors used to select wildlife species for WC development were:  (1) exposure to
bioaccumulative contaminants; (2) species distributions; (3) availability of information with which to
calculate criterion values; and (4) evidence for bioaccumulation and/or adverse effects. All of the species
selected feed on or near the top of aquatic food webs.  The avian species selected were the bald eagle
(Haliaeetus leucocephalus), osprey (Pandion haliaetus), common loon (Gavia immer) and belted
kingfisher (Ceryle alcyon).  The mammalian species selected were the mink (Mustela vison) and river
otter (Lutra canadensis).


Because this assessment depends to a large extent on the assignment of BAFs for mercury in fish
at trophic levels 3 and 4, an effort was made to review published field data from which these BAFs could
be estimated.  A Monte Carlo analysis was then performed to characterize the variability around these
estimates.  The results of this effort are reported in Appendix D of Volume III and are summarized in
Table ES-2.


A WC value for mercury was estimated as the ratio of an RfD, defined as the chronic NOAEL (in
µg/kg bw/d), to an estimated mercury consumption rate, referenced to water concentration using a BAF. 
Individual wildlife criteria are provided in Table ES-3.  This approach is similar to that used in non-
cancer human health risk assessment and was employed previously to estimate a WC for mercury in the
Water Quality Guidance for the Great Lakes System (GLWQI).  The present effort differs, however,
from that of the GLWQI in that the entire analysis was conducted on a methylmercury basis.  Additional
differences resulted from the availability of new data, including measured residue levels in fish and
water, and a re-evaluation of the toxicity data from which RfD estimates were derived.  In this Report, a
more sensitive endpoint was selected for mammalian species, with the goal of assessing the full range of
effects of mercury.  These changes reflect the amount of discretion allowed under Agency Risk
Assessment Guidelines.


Species-specific WC values for methylmercury were estimated for selected avian and
mammalian wildlife (identified above).  A final WC was then calculated as the lowest mean of WC
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values for each of the two taxonomic classes (birds and mammals).  The final WC for methylmercury
was based on 


Table ES-3
Wildlife Criteria for Methylmercury


Organism Wildlife Criterion (pg/L)


Mink 57


River otter 42


Kingfisher 33


Loon 82


Osprey 82


Bald eagle 100


individual WC values calculated for mammalian species, and was estimated to be 50 picograms (pg)
methylmercury/L water.


The WC for methylmercury can be expressed as a corresponding mercury residue in fish though
the use of appropriate BAFs.  Using the BAFs presented in Table ES-2 (50th percentile), a WC of 50
pg/L corresponds to methylmercury concentrations in fish of 0.077 µg/g and 0.346 µg/g for trophic levels
3 and 4, respectively.  In addition, a WC for total mercury can be calculated using an estimate of
methylmercury as a proportion of total mercury in water.  Based upon a survey of speciation data, the
best current estimate of dissolved methylmercury as a proportion of total dissolved mercury was
determined to be 0.078.  Using this value, a methylmercury WC of 50 pg/L corresponds to a total
dissolved mercury WC of 641 pg/L.  An additional correction is needed if the WC is to be expressed as
the amount of total mercury in unfiltered water.  The available data, although highly variable, suggest
that on average total dissolved mercury comprises about 70 percent of that contained in unfiltered water.
Making this final correction results in a WC of 910 pg/L (unfiltered, total mercury), which is
approximately 70 percent of the value published previously in the GLWQI.


Conclusions


The following conclusions are presented in approximate order of degree of certainty in the
conclusion, based on the quality of the underlying database.  The conclusions progress from those
with greater certainty to those with lesser certainty.


� Mercury emitted to the atmosphere deposits on watersheds and is translocated to waterbodies.  A
variable proportion of this mercury is transformed by abiotic and biotic chemical reactions to
organic derivatives, including methylmercury.  Methylmercury bioaccumulates in individual
organisms, biomagnifies in aquatic food chains and is the most toxic form of mercury to which
wildlife are exposed.







ES-8


� The proportion of total mercury in aquatic biota that exists as methylmercury tends to increase
with trophic level.  Greater than 90% of the mercury contained in freshwater fish exists as
methylmercury.  Methylmercury accumulates in fish throughout their lifetime, although changes
in concentration as a function of time may be complicated by growth dilution and changing
dietary habits.


� Piscivorous avian and mammalian wildlife are exposed to mercury primarily through
consumption of contaminated fish and accumulate mercury to levels above those in prey items.


� Toxic effects on piscivorous avian and mammalian wildlife due to the consumption of
contaminated fish have been observed in association with point source releases of mercury to the
environment.


� Concentrations of mercury in the tissues of wildlife species have been reported at levels
associated with adverse health effects in laboratory studies with the same species.


� Piscivorous birds and mammals receive a greater exposure to mercury than any other known
receptors.


� BAFs for mercury in fish vary widely; however, field data are sufficient to calculate
representative means for different trophic levels.  These means are believed to be better estimates
of mercury bioaccumulation in natural systems than values derived from laboratory studies.  The
recommended methylmercury BAFs for tropic levels 3 and 4 are 1,600,000 and 6,800,000,
respectively (dissolved basis).


� Based upon knowledge of mercury bioaccumulation in fish, and of feeding rates and the identity
of prey items consumed by piscivorous wildlife, it is possible to rank the relative exposure of
different piscivorous wildlife species.  Of the six wildlife species selected for detailed analysis,
the relative ranking of exposure to mercury is this: kingfisher > otter > loon = osprey = mink >
bald eagle.  Existing data are insufficient to estimate the exposure of the Florida panther relative
to that of the selected species.


� Local emissions sources (<50 km from receptors) have the potential to increase the exposure of
piscivorous wildlife well above that due to sources located more than 50 km from the receptors
(i.e., "remote" sources).


� Field data are insufficient to conclude whether the mink, otter or other piscivorous mammals
have suffered adverse effects due to airborne mercury emissions.


� Field data are insufficient to conclude whether the loon, wood stork, great egret, or other
piscivorous wading birds have suffered adverse effects due to airborne mercury emissions.


� Field data are suggestive of adverse toxicological effects in the Florida panther due to mercury. 
Unfortunately, the interpretation of these data is complicated by the co-occurrence of several
other potentially toxic compounds, habitat degradation, and loss of genetic diversity.  Field data
suggest that bald eagles have not suffered adverse toxic effects due to airborne mercury
emissions.
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� Reference doses (RfDs) for methylmercury, defined as chronic NOAELs, were determined for
avian and mammalian wildlife.  Each RfD was calculated as the toxic dose (TD) from laboratory
toxicity studies, divided by appropriate uncertainty factors.  The RfD for avian species is 21
µg/kg bw/d (mercury basis).  The RfD for mammalian wildlife is 18 µg/kg bw/d (mercury basis).


� Based upon knowledge of mercury exposure to wildlife and its toxicity in long-term feeding
studies, WC values can be calculated for the protection of piscivorous avian and mammalian
wildlife.  A WC value is defined as the concentration of total mercury in water which, if not
exceeded, protects avian and mammalian wildlife populations from adverse effects resulting
from ingestion of surface waters and from ingestion of aquatic life taken from these surface
waters.


� The methylmercury WC for protection of piscivorous avian wildlife is 61 pg/L (mercury basis).


� The methylmercury criterion for protection of piscivorous mammalian wildlife is 50 pg/L
(mercury basis).


� The final methylmercury criterion for protection of piscivorous wildlife species is 50 pg/L.  This
value corresponds to a total mercury concentration in the water column of 641 pg/L, and
methylmercury concentrations in fish of 0.077 ppm (trophic level 3) and 0.346 ppm (trophic
level 4).


� Modeled estimates of mercury concentration in fish around hypothetical mercury emissions
sources predict exposures within a factor of two of the WC.  The WC, like the human RfD, is
predicted to be a safe dose over a lifetime.  It should be noted, however, that the wildlife effects
used as the basis for the WC are gross clinical manifestations.  Expression of subtle adverse
effects at these doses cannot be excluded.


� The adverse effect level (population impacts on piscivorous wildlife) for methylmercury in fish
that occupy trophic level 3 lies between 0.077 and 0.3 ppm.  A comparison of this range of
values with published residue levels in fish suggests that it is probable that individuals of some
highly exposed wildlife subpopulations are experiencing adverse toxic effects due to airborne
mercury emissions.


There are many uncertainties associated with this analysis, due to an incomplete understanding of
the biogeochemistry and toxicity of mercury and mercury compounds.  The sources of uncertainty
include the following:


� Variability in the calculated BAFs is a source of uncertainty.  BAFs given in this Report relate
methylmercury in fish to dissolved methylmercury levels in the water column.  Methods for the
speciation of mercury in environmental samples are rapidly improving but remain difficult to
perform.  Questions also remain concerning the bioavailability of methylmercury associated with
suspended particulates and dissolved organic material.  Local biogeochemical factors that
determine net methylation rates are not fully understood.  The food webs through which mercury
moves are poorly defined in many ecosystems and may not be adequately represented by a four-
tiered food chain model.


� The representativeness of field data used in establishing the BAFs is a source of uncertainty. 
The degree to which the analysis is skewed by the existing data set is unknown.  A
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disproportionate amount of data is from north-central and northeastern lakes.  The uncertainty
associated with applying these data to a national-scale assessment is unknown.


� Limitations of the toxicity database present a source of uncertainty.  Few controlled studies of
quantifiable effects of mercury exposure in wildlife are available.  These are characterized by
limited numbers of dosage levels, making it difficult to establish NOAEL and LOAEL values. 
The toxic endpoints reported in most studies can be considered severe, raising questions as to the
degree of protection against subtle effects offered by RfD and WC values.  Use of less than
lifetime studies for prediction of effects from lifetime exposure is also a source of uncertainty.


� Concerns exist regarding the possibility of toxic effects in species other than the piscivorous
birds and mammals evaluated in this Report.  Uncertainty is associated with mercury effects in
birds and mammals that prey upon aquatic invertebrates and with possible effects on amphibians
and aquatic reptiles.  Uncertainty is also associated with mercury effects in fish.  Toxicity to
terrestrial ecosystems, in particular soil communities, is another source of uncertainty.


� Lack of knowledge of wildlife feeding habits is a source of uncertainty.  Existing information
frequently is anecdotal or confined to evaluations of a particular locality; the extent to which this
information can be generalized is open to question.  In some instances, the feeding habits are
relatively well characterized (e.g., Florida panther), whereas the extent of mercury contamination
of prey is poorly known (e.g., in raccoons).


� While the methods used to assess toxicity focus on individual-level effects, the stated goal of the
assessment is to characterize the potential for adverse effects in wildlife populations.  Factors
that contribute to uncertainty in population-based assessments include: variability in the
relationship between individuals and populations; lack of data on carrying capacity; and
relationships of one population, of the same or different species, to another population.


� A focus on populations may not always be appropriate.  This could be true for endangered
species, which may be highly dependent for the survival of the species on the health of a few
individuals.  This may also be true for some regional or local populations of widespread species;
the local population may be "endangered" and, thus, dependent on the survival of individuals.


� Multiple stressor interactions involving chemical effects are, in general, poorly known.  Even
less well known are the possible impacts of land and water use practices on water quality and
large-scale ecosystem attributes (e.g., community structure and biodiversity).
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1. INTRODUCTION


Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, requires the U.S.
Environmental Protection Agency (U.S. EPA) to submit a study on atmospheric mercury emissions to
Congress.  The sources of emissions that must be studied include electric utility steam generating units,
municipal waste combustion units and other sources, including area sources.  Congress directed that the
Mercury Study evaluate the rate and mass of mercury emissions, health and environmental effects,
technologies to control such emissions and the costs of such controls.


In response to this mandate, U.S. EPA has prepared an eight-volume Mercury Study Report to
Congress.  The eight volumes are as follows:


I. Executive Summary
II. An Inventory of Anthropogenic Mercury Emissions in the United States
III. Fate and Transport of Mercury in the Environment
IV. An Assessment of Exposure to Mercury in the United States
V. Health Effects of Mercury and Mercury Compounds
VI. An Ecological Assessment for Anthropogenic Mercury Emissions in the United States
VII. Characterization of Human Health and Wildlife Risks from Mercury Exposure in the


United States
VIII. An Evaluation of Mercury Control Technologies and Costs


This volume (Volume VI) is an ecological assessment of airborne mercury emissions.  It provides
an overview of the ecological effects of mercury, uses published data on fish residues as well as
modeling predictions from Volume III to assess potential ecological exposures, and reviews available
toxicity and bioaccumulation data for the purpose of developing qualitative statements about the risk of
airborne mercury emissions to piscivorous avian and mammalian wildlife.  In addition, these data are
used to calculate a criterion value for the protection of piscivorous wildlife species, using the same
general methodology employed in the Great Lakes Water Quality Initiative (U.S. EPA 1993b, 1993c,
1995b).


Volume VI is organized according to the format provided by U.S. EPA's Framework for
Ecological Risk Assessment (U.S. EPA, 1992a).  Chapter 2 corresponds to the problem formulation
phase of the assessment and reviews the potential ecological impacts of mercury.  Based upon this
information, it is concluded that piscivorous avian and mammalian wildlife are potentially at risk due to
airborne mercury emissions.  A conceptual model is presented to describe how airborne mercury
becomes concentrated in aquatic biota, which serve as the primary food source for piscivorous wildlife. 
An exposure analysis is presented in Chapter 3, and effects are analyzed in Chapter 4.  Effects and
exposure information are considered together in Chapter 5 as a means of assessing the risk of airborne
mercury emissions to piscivorous avian and mammalian wildlife. Chapter 6 lists the main conclusions of
this report, while Chapter 7 presents a list of critical research needs.  References are provided at the end
of this Volume in Chapter 8.  An ecological risk characterization for mercury is presented separately in
Volume VII of this Report.


The scope of this assessment is limited to consideration of only mercury that is emitted directly
to the atmosphere.  The origins and extent of these emissions are reviewed in Volume II of this Report. 
This analysis does not address mercury originating from mine leachate, the manufacturing and disposal
of batteries, dental amalgam (in municipal wastewater), or the application of mercurial pesticides.  In a
number of instances, these and other "point" sources have been related to unacceptably high mercury







1-2


levels in fish, triggering site-specific fish consumption advisories.  Clearly, where such point sources
exist, there is a need to address the combined impacts of mercury originating from all sources, including
air emissions.


The exposure analysis for piscivorous wildlife was designed to address the following questions:


� What is the current degree of exposure of piscivorous avian and mammalian wildlife?


� In what broad geographical areas of the continental United States is there a high
probability for co-occurrence of high mercury deposition rates and wildlife species of
concern?


� What is the relative increase in exposure that can be anticipated for wildlife species that
live in proximity to mercury emissions sources?


The first of these questions was addressed by defining what piscivorous wildlife eat and then
characterizing the mercury content of these food items.  The second question was addressed by
superimposing the results of a long-range transport analysis onto wildlife distribution information.  The
last question was addressed by using the results of a local-scale air dispersion model, combined with an
indirect exposure methodology, to generate hypothetical exposure scenarios for wildlife.  This short-
range analysis is similar to that used in the human health exposure assessment (Volume IV). Descriptions
of the long- and short-range air dispersion models and the indirect exposure methodology are provided in
Volume III.


The primary goal of the effects analysis was to identify and review toxicity studies with wildlife
species that could be used to estimate chronic NOAEL values for avian and mammalian wildlife.  In
addition, field data were reviewed as a means of comparing mercury residues in wild animals with those
shown to associated with toxic effects in laboratory or other studies.


Finally, exposure and effects information are reviewed in an effort to develop qualitative
statements about the risk of mercury emissions to piscivorous avian and mammalian wildlife.  This
assessment includes a review of previously published efforts to assess the risk of mercury to several
wildlife species living in restricted geographical locals.  Exposure and effects information are also used
to calculate a water-based wildlife criterion value for mercury, which, if not exceeded, would be
protective of piscivorous avian and mammalian wildlife.  The general method used to calculate this
criterion value is similar to that used previously to estimate criterion values for mercury in the Great
Lakes Water Quality Initiative (U.S. EPA 1993b, 1993c, 1995b).  An effort was made to calculate fish
residue concentrations corresponding to this criterion value.  These residue values were then compared
with measured values obtained in environmental sampling efforts.  Owing to its importance for both the
ecological and human health assessments, published data for fish and other aquatic biota were evaluated
to calculate bioaccumulation factors (BAFs) for methylmercury  and to characterize the uncertainties
associated with these estimates.  The data and methods used to derive these BAFs are presented in
Appendix D of Volume III.  A summary of this material is provided in Chapter 5 of the present Volume.
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2. PROBLEM FORMULATION


U.S. EPA defines ecological risk assessment as "a process that evaluates the likelihood that
adverse ecological effects may occur or are occurring as a result of exposure to one or more stressors"
(U.S. EPA, 1992a, 1996).  A "stressor" is defined as any chemical, biological, or physical entity that can
induce an adverse response of ecological components, i.e., individuals, populations, communities, or
ecosystems.  Although ecological risk assessment follows the same basic risk paradigm as human health
risk assessment, there are three key differences between the two types.


� Ecological risk assessment can consider effects on populations, communities and
ecosystems in addition to effects on individuals of a single species.


� No single set of ecological values to be protected is applicable in all cases; instead, they
must be selected for each assessment based on both scientific and societal merit.


� Nonchemical stressors (e.g., physical disturbances) often need to be evaluated as well as
chemical stressors.


The problem formulation phase of an environmental risk assessment consists of four main
components:  (1) integrating available information on the stressors, potential exposure pathways,
ecosystems potentially at risk, and ecological effects; (2) selecting assessment endpoints (the ecological
values to be protected); (3) developing a conceptual model of the problem; and (4) formulating an
analysis plan for the exposure and effects characterization phases of the assessment.


Section 2.1 reviews the characteristics of mercury in the environment, including its various
chemical forms (speciation), chemical transformations and movement within and between the air, surface
water, and soil compartments of the environment (cycling).  Section 2.2 identifies the pathways by which
plants and animals can be exposed to mercury in both aquatic and terrestrial ecosystems.  Section 2.3
provides an overview of what is known about the effects of mercury on organisms, populations,
communities and ecosystems.  Section 2.4 identifies ecosystems and ecosystem components that are
thought to be most at risk from mercury in the environment.  Section 2.5 describes the selection of
assessment and measurement endpoints for the ecological risk assessment.  A conceptual model of
mercury fate and effects in the environment is presented in Section 2.6.  An analysis plan for the
exposure and effects characterizations is provided in Section 2.7.


It should be noted that this review of mercury fate and effects is limited to consideration of only
terrestrial and freshwater aquatic ecosystems.  It is recognized that mercury that deposits in coastal areas
can be translocated to estuarine environments, and that biota which inhabit these and nearby marine
systems have the potential to be adversely impacted.  Presently, however, uncertainties regarding
mercury deposition, cycling, and effects in such environments are so great as to preclude even a
qualitative risk assessment.


2.1 Stressor Characteristics:  Mercury Speciation and Cycling


Mercury in the environment can occur in various physical and chemical forms.  Physically,
mercury may exist as a gas or liquid, or it may be associated with solid particulates.  Chemically,
mercury can exist in three oxidation states:


(1) Hg  � elemental mercury, also called metallic mercury;0
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FOCUS ON METHYLMERCURY


Methylmercury is the form of mercury of particular concern in ecosystems for three reasons.


   (1) All forms of mercury can be converted to methylmercury by natural processes in the environment.
   (2) Methylmercury bioaccumulates and biomagnifies in aquatic food webs.
   (3) Methylmercury is the most toxic form of mercury.


In the 1960s, researchers found methylmercury in fish in Swedish lakes, although no discharge of
methylmercury had occurred in those lakes (Bakir et al., 1973).  Later research determined that the methylation of
mercury in sediments by anaerobic sulfur-reducing bacteria was a major source of methylmercury in many aquatic
environments (Gilmour and Henry, 1991; Zillioux et al., 1993).  Aerobic bacteria and fungi, including yeasts that grow
best in acid conditions, also can methylate mercury (Eisler, 1987; Yannai et al., 1991; Fischer et al., 1995).  In addition,
fulvic and humic material may abiotically methylate mercury (Nagase et al., 1984; Lee et al., 1985; Weber, 1993).  The
major site of methylation in aquatic systems is the sediment, but methylation also occurs in the water column (Wright
and Hamilton, 1982; Xun et al., 1987; Parks et al., 1989; Bloom and Effler, 1990; Winfrey and Rudd, 1990; Bloom et
al., 1991; Gilmour and Henry, 1991; Miskimmin et al., 1992).  Wetlands may be particularly active sites of methylation
(St. Louis et al., 1994; Hurley et al., 1995).  The rate of mercury methylation varies with microbial activity, mercury
loadings, suspended sediment load, DOC, nutrient content, pH, redox conditions, temperature, and other variables. 
Demethylation occurs via biotic and abiotic mechanisms, including photodegradation (Sellers et al., 1996).  The net rate
of mercury methylation is determined by competing rates of methylation and demethylation.  


Methylmercury bioaccumulates and biomagnifies in aquatic food webs at higher rates and to a greater extent
than any other form of mercury (Watras and Bloom, 1992).  "Bioaccumulation" refers to the net uptake of a contaminant
from the environment into biological tissue via all pathways.  It includes the accumulation that may occur by direct
contact of skin or gills with mercury-contaminated water as well as ingestion of mercury-contaminated food. 
"Biomagnification" refers to the increase in chemical concentration in organisms at successively higher trophic levels in
a food chain as a result of the ingestion of contaminated organisms at lower trophic levels.  Methylmercury can comprise
from 10 percent to over 90 percent of the total mercury in phytoplankton and zooplankton (trophic levels 1 and 2) (May
et al., 1987; Watras and Bloom, 1992), but generally comprises over 90 percent of the total mercury in fish (trophic
levels 3 and 4) (Huckabee et al., 1979; Grieb et al., 1990; Bloom, 1992; Watras and Bloom, 1992).  Fish absorb
methylmercury efficiently from dietary sources and store this material in organs and tissues.  The biological half-life of
methylmercury in fish is difficult to determine but is generally thought to range from months to years.


Methylmercury is the most toxic form of mercury to birds, mammals, and aquatic organisms due to its strong
affinity for sulfur-containing organic compounds (e.g., proteins).  Biological membranes, including the blood-brain
barrier and the placenta, that tend to discriminate against other forms of mercury allow relatively easy passage of
methylmercury and dissolved mercury vapor (Eisler, 1987).  Methylmercury can cause death, neurological disorders,
organ damage, impaired immune response, impaired growth and development and reduced reproductive success
(Klaassen, 1986).  In mammals, fetuses are particularly sensitive to mercury, experiencing deleterious developmental
effects when the mothers appear to be unaffected (Clarkson, 1990).


2.1.1 Mercury in Air


In the atmosphere, most mercury (95 to over 99 percent) exists as gaseous Hg ; the remaindero


generally is comprised of gaseous divalent (Hg ) mercury and mercury associated with particulates2+


(Lindqvist, 1991; MDNR, 1993).  Gaseous methylmercury may also may exist in air at measurable
concentrations, especially near mercury emissions sources.  Mercury associated with particulates in air
includes Hg , which is thought to occur primarily as mercuric chloride (MDNR, 1993).2+


The form of mercury in air affects both the rate and mechanism by which it deposits to earth.
Oxidized and particulate mercury are more likely to be deposited than Hg  because they are more solubleo


in water and are scavenged by precipitation more easily.  They are also thought to be dry deposited more
easily.  As a result, oxidized and particulate forms of mercury are thought to comprise the majority of
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deposited mercury, even though they comprise only a few percent of the total amount of mercury in the
atmosphere (Lindqvist, 1991).


Wet deposition is thought to be the primary mechanism for transporting mercury from the
atmosphere to surface waters and land (Lindqvist, 1991).  In the Great Lakes area, for example, wet
deposition is believed to account for 60 to 70 percent of total mercury deposition.  Hg  is the2+


predominant form in precipitation (MDNR, 1993).


2.1.2 Mercury in Surface Water


Mercury can enter surface water as Hg , Hg , or methylmercury.  Once in aquatic systems,o 2+


mercury can exist in dissolved or particulate forms and can undergo the following transformations (see
Figure 2-1) (Lindqvist et al., 1991; Winfrey and Rudd, 1990).


� Hg  in surface waters can be oxidized to Hg  or volatilized to the atmosphere.o 2+


� Hg  can be methylated in sediments and the water column to form methylmercury.2+


� Methylmercury can be alkylated to form dimethylmercury.


� Hg  and methylmercury can form organic and inorganic complexes with sediment and2+


suspended particulate matter.


Each of these reactions can also occur in the reverse direction.  The net rate of production of each
mercury species is determined by the balance between forward and reverse reactions.


Estimates of the percent of total mercury in surface waters that exists as methylmercury vary. 
Generally, methylmercury makes up less than 20 percent of the total mercury in the water column (Kudo
et al., 1982; Parks et al., 1989; Bloom and Effler, 1990; Watras et al., 1995a).  In lakes without point
source discharges, methylmercury frequently comprises ten percent or less of total mercury in the water
column (Lee and Hultberg, 1990; Lindqvist, 1991; Porcella et al., 1991; Watras and Bloom, 1992;
Driscoll et al., 1994, 1995; Watras et al., 1995b).  A review of speciation data collected to date suggests
that methylmercury as a percent of total averages just under 8 percent (see Volume III, Appendix D of
this Report).


Contaminated sediments can serve as an important mercury reservoir, with sediment-bound
mercury recycling back into the aquatic ecosystem for decades or longer.  Biological processes affect this
recycling process.  For example, sulfate-reducing bacteria may mediate mercury methylation (Gilmour
and Henry, 1991).  Benthic invertebrates may take up mercury from sediments, making it available to
other aquatic animals through the food chain and to vertebrates that consume emergent aquatic insects
(Hildebrand et al., 1980; Wren and Stephenson, 1991; Dukerschein et al., 1992; Saouter et al., 1993;
Tremblay et al., 1996; Suchanek et al., 1997).  Chemical factors, such as reduced pH, may stimulate
methylmercury production at the sediment/water interface and thus may accelerate the rate of mercury
methylation resulting in increased accumulation by aquatic organisms (Winfrey and Rudd, 1990). 
Attributes of the sediment, including organic carbon and sulfur content, can influence mercury
bioavailability (Tremblay et al., 1995).  DOC appears to be important in the transport of mercury to lake
systems but, at high concentrations, may limit bioavailability (Driscoll et al., 1994, 1995).
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2.1.3 Mercury in Soil


Mercury deposited from the air forms stable complexes with soil particles of high organic or
sulfur content and with humic and fulvic acids (Andersson, 1979; WHO, 1989; Johansson et al., 1991;
Yin et al., 1996).  These chemical bonds limit mercury's mobility in soils and its availability for uptake
by living organisms.  In general, the distribution of mercury in soil is likely to follow the distribution of
organic matter.  Mercury has a long retention time in soils.  As a result, mercury that has accumulated in
soils may continue to be released to surface waters for long periods of time, possibly hundreds of years
(Johansson et al., 1991)


Hg  in soils can be transformed to other mercury species.  Bacteria and organic substances can2+


reduce Hg  to Hg , releasing volatile elemental mercury to the atmosphere.  Alternatively, bacteria and2+ o


organic substances can methylate mercury, and subsequently demethylate it, depending on environmental
conditions (Allard and Arsenie, 1991; Gilmour and Henry, 1991).


Recent measurements of volatile exchange between air and soil indicate that soil emissions could
be similar in magnitude to atmospheric deposition, suggesting that the total sink capacity of soils is less
than previously thought (Kim et al., 1995).  Similarly, measurements of canopy emissions indicate that
forest ecosystems may not act as efficient sinks for atmospheric mercury (Lindberg, 1996).  It is
uncertain at present how much these loss processes affect the retention of mercury in upper level soils.


2.2 Potential Exposure Pathways


Plants and animals can be exposed to mercury by direct contact with contaminated environmental
media or ingestion of mercury-contaminated water and food (see Figure 2-2).  Mercury deposited in soil
can be a source of direct exposure from physical contact (e.g., earthworms and terrestrial plants). 
Animals also can ingest mercury in soil, either purposefully (e.g., earthworms) or incidentally (e.g.,
grazers).  Mercury in the air can be taken up directly by terrestrial or aquatic emergent plants or inhaled
by terrestrial animals.  Mercury in water can be a source of direct exposure to aquatic plants (e.g., algae
and seagrasses) and animals (e.g., zooplankton and fish) and can be ingested by terrestrial animals in
drinking water.  Finally, both aquatic and terrestrial animals can be exposed to mercury in contaminated
food sources. 


Not all of these potential exposure pathways are equally important, however.  The remainder of
this section evaluates the likely importance of different routes of exposure consequent to mercury release
to air.  Section 2.2.1 discusses the fate and bioavailability of mercury in aquatic systems and the
pathways by which aquatic plants and animals can be exposed to mercury directly in contaminated water
or indirectly through aquatic food webs.  Section 2.2.2 provides information on the fate and
bioavailability of mercury in terrestrial ecosystems and the pathways by which terrestrial plants and
animals can be exposed.  Bioaccumulation of mercury in aquatic and terrestrial organisms is discussed
further in Section 2.3.1.  


2.2.1 Exposure Pathways in Aquatic Systems


Figure 2-3 illustrates the potential distribution of mercury in a water body.  As shown, mercury
can be present in surface waters in various forms:  (1) dissolved in the water; (2) concentrated in the
surface 



















Plants with roots, stems, and leaves, such as ferns and seed plants.  4


Stomata (plural of stoma) are the minute openings in the epidermis of leaves, stems, or other plant organs5 


that allow gas to diffuse in and out.
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invertebrates tend to feed on algae and detritus.  Thus, mercury can be transferred and accumulated 
through three or four trophic levels to reach the prey of piscivorous wildlife species.  Studies with lake
trout suggest that differences in food web structure can substantially impact mercury accumulation by
large predatory fish (Cabana and Rasmussen, 1994; Cabana et al., 1994; Futter, 1994).


2.2.2 Exposure Pathways in Terrestrial Systems


Several exposure pathways are possible for both plants and animals in terrestrial systems.  The
two main pathways by which terrestrial plants can be exposed to mercury are uptake from soils into the
roots and absorption directly from the air.  Potential exposure routes for terrestrial animals include the
following:  (1) ingestion of mercury-contaminated food; (2) direct contact with contaminated soil; (3)
ingestion of mercury-contaminated drinking water; and (4) inhalation.  Food ingestion is of primary
concern for vertebrate carnivores (including humans).  Once mercury enters a terrestrial food web, like
that shown in Figure 2-5, it can be transferred in increasing concentrations to higher trophic levels
(Talmage and Walton, 1993).  A special case exists when terrestrial carnivores consume prey that have
accumulated mercury originating from aquatic sources.  Perhaps the best known example is that of the
Florida panther, which consumes raccoons that have accumulated mercury through consumption of
contaminated fish and shellfish (Roelke et al., 1991). 


2.2.2.1 Terrestrial Plants


Uptake by plants plays a major role in the entry of metals to terrestrial food webs.  Mercury
uptake by terrestrial vascular plants  can occur through the roots or through the leaves, by way of4


stomata  (Mosbaek et al., 1988; Crowder, 1991; Maserti and Ferrara, 1991).  A vascular plant's uptake of5


mercury from the soil depends on soil type, with uptake decreasing as organic matter, which binds
mercury, increases (WHO, 1989).  Uptake of mercury through leaves is considered to be a negligible
source of mercury for beech and spruce (Schmidt, 1987) but is an important route for pines and
herbaceous plants (Mosbaek et al., 1988; Maserti and Ferrara, 1991).  Bryophytes and lichens have no
roots and take up metals only from air or water (WHO, 1989; Crowder, 1991).  Some species of
bryophytes and lichens can bioconcentrate mercury to relatively high levels (e.g., up to 1200 �g/g in
Sphagnum sp.) (Siegal et al., 1985).  Some woody plants (e.g., Pinus sp.) also bioconcentrate mercury
(Siegal et al., 1987).


2.2.2.2 Terrestrial Animals


Dietary exposure is the primary route of mercury uptake for vertebrate members of terrestrial
food webs.  Figure 2-5 illustrates a terrestrial food web.  Plants are eaten by a wide diversity of
herbivorous animals (e.g., grasshoppers, caterpillars, mice, voles, rabbits, and deer).  Insects, earthworms
and other soil macroinvertebrates can accumulate mercury to levels well above those of the soil in which
they reside (Siegel et al., 1975; Helmke et al., 1979; Beyer et al., 1985), and are themselves consumed by
many species of birds, shrews, snakes, and amphibians.  Small mammals, birds, reptiles and amphibians
are consumed by larger predators, such as owls, hawks, eagles, mink, and wolves.  Thus, mercury can be
transferred and accumulated through two or three trophic levels to reach the prey of top carnivores in
terrestrial systems.
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invertebrates � small forage fish � larger piscivorous fish.  Piscivorous birds and mammals would
represent the fifth step in the chain.  In some cases a sixth step exists, as when a bald eagle consumes a
piscivorous herring gull.  A typical food chain in terrestrial systems might be: plants � small herbivorous
mammals � predatory birds and mammals.  Another typical terrestrial food chain would be: plants �


herbivorous insects � small birds � birds of prey.  In these examples, the top predators represent the third
and fourth step in the chain (although additional steps are possible), instead of the fifth or sixth level as
can be the case for aquatic systems.


2.3 Ecological Effects


This section provides an overview of potential effects of mercury on ecosystems and components
of ecosystems.  Contaminants such as mercury can affect individual organisms, populations,
communities, or ecosystems (see Table 2-1).  Effects on individuals can be lethal or sublethal, including
behavioral, reproductive and developmental effects.  Additionally, effects can be immediate, due to acute
(short-term) exposures or may be manifested only after chronic (long-term) exposures.


In animals, toxic effects caused by mercury exposure vary depending on a number of factors,
including but not limited to these:


� delivered dose (i.e., amount and duration of exposure); 


� the form of mercury to which an organism is exposed;


� physical and chemical parameters of the environment (e.g., pH, temperature, and DOC);


� the extent to which an organism is exposed to other chemical or non-chemical stressors;


� the life stage, age, sex, species, and physiological condition of the exposed organism;
and


� the extent to which the organism can detoxify or eliminate absorbed mercury.


The remainder of this section provides an overview of potential adverse ecological effects of mercury. 
Section 2.3.1 discusses the bioaccumulation and biomagnification of mercury in food chains, Section
2.3.2 reviews individual-level effects, Section 2.3.3 reviews population-level effects, and Section 2.3.4
reviews effects on communities and ecosystems.


2.3.1 Bioaccumulation of Mercury


As discussed previously, plants and animals may absorb mercury from direct exposure to
contaminated media.  In addition, animals can acquire mercury through ingestion of mercury-
contaminated food.  These pathways determine how much mercury an organism is exposed to from
outside sources.  An additional factor that determines the effect of mercury on ecological systems is how
much mercury is accumulated by organisms.  Mercury accumulation can result in concentrations in
exposed plants and animals that are higher than those in surrounding media or in ingested food.  This
section outlines the basic processes by which mercury accumulates and introduces the different ways that
chemical accumulation in biological systems is measured and expressed.
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Table 2-1
Examples of Effects of Contaminants on Ecosystem Components


Component Examples of Effects


Individual Increased susceptibility to pathogens


Change in respiration
Change in behavior (e.g., migration, predator-prey interactions)
Inhibition or induction of enzymes


Decreased growth
Decreased reproduction
Death


Population Decreased recruitment of juveniles


Decreased genotypic and phenotypic diversity
Decreased biomass
Increased mortality rate
Decreased fecundity rate


Increased frequency of disease
Decreased yield
Change in age/size class structure
Extinction


Community Decreased food web diversity


Decreased species diversity
Change in species composition


Decreased productivity
Increased algal blooms


Ecosystem Altered nutrient cycling
Decreased diversity of communities


Decreased resilience


Three terms are commonly used to describe the mechanism by which a contaminant accumulates
in living tissues.  The term "bioconcentration" refers to the accumulation of a chemical that occurs as a
result of direct contact of an organism with its surrounding medium (e.g., uptake by a fish from water
through the gills and epithelial tissue or uptake by earthworms from soil through the skin) and does not
include the ingestion of contaminated food.  The term "bioaccumulation" refers to the net uptake of a
contaminant from all possible pathways and includes the accumulation that may occur by direct exposure
to contaminated media as well as uptake from food.  The term "biomagnification" refers to the increase in
chemical concentration in organisms at successively higher trophic levels as a result of the ingestion of
contaminated organisms at lower trophic levels.  Mercury is known to bioconcentrate, bioaccumulate and
biomagnify.  In fact, mercury is one of the few metals that is known to biomagnify in aquatic food webs.


Different numerical factors are used to estimate the extent to which a contaminant
bioconcentrates, bioaccumulates and biomagnifies.
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� The bioconcentration factor (BCF) is the ratio of a substance's concentration in tissues
(generally expressed on a whole-body basis) to its concentration in the surrounding
medium (e.g., water or soil) in situations where an organism is exposed through direct
contact with the medium.


� The bioaccumulation factor (BAF) is the ratio of a substance's concentration in tissue to
its concentration in the surrounding medium (e.g., water or soil) in situations where the
organism is exposed both directly and through dietary sources.


� The biota-sediment accumulation factor (BSAF) is a specialized form of the BAF that
refers to the chemical concentration in an aquatic organism divided by that in surficial
(aquatic) sediments.  To date it has been applied only to bioaccumulative organic
compounds, but in principal it could be applied to mercury also.  When applied to
organic compounds, chemical concentrations in tissues and sediment are generally
normalized for lipid content and organic carbon content, respectively.   


� The predator-prey factor (PPF, also known as the biomagnification factor, or BMF) is the
factor by which a substance's concentration in the organisms at one trophic level exceeds
the concentration in the next lower trophic level.  For example, the PPF for mercury at
trophic level 4 equals the observed mercury concentration in trophic level 4 organisms
divided by mercury concentration in trophic level 3 organisms.


� The food chain multiplier (FCM) is the factor by which the BAF of a substance at
trophic level 2 or higher exceeds the BCF at trophic level 1.  Implied by this definition is
the assumption that organisms at trophic level 1 are at or near chemical equilibrium with
their environment.


Although generally developed for individual organisms, BAF, BSAF, PPF and FCM values can
also be viewed as trophic-level specific.  Depending on environmental levels of mercury, sufficient
mercury may accumulate in organisms at one or more trophic levels to produce adverse effects at the
individual, population, community or ecosystem level.


Mercury accumulates in an organism when the rate of uptake exceeds the rate of elimination.  All
forms of mercury can accumulate to some degree; however, methylmercury generally accumulates to a
greater extent than other forms.  Methylmercury is absorbed into tissues quickly and becomes
sequestered due to covalent reactions with sulfhydryl groups in proteins and other macromolecules (see
Section 4 of this Volume for more detail).  Inorganic mercury can also be absorbed but is usually taken
up at a slower rate and with lower efficiency than methylmercury.  Elimination of methylmercury takes
place very slowly resulting in tissue half-lives (the time required for half of the mercury in the tissue to
be eliminated) ranging from months to years (Westermark et al., 1975).  Elimination of methylmercury
from fish is so slow that long-term reductions of mercury concentrations in fish are often due mainly to
growth of the fish.  In comparison, other mercury compounds are eliminated relatively quickly, resulting
in reduced levels of accumulation (Eisler, 1987).


Methylmercury and total mercury concentrations both tend to increase in aquatic organisms as
the trophic level in aquatic food webs increases.  In addition, the proportion of total mercury that exists
as methylmercury generally increases with trophic level (May et al., 1987; Watras and Bloom, 1992;
Becker and Bigham, 1995; Hill et al., 1996; Tremblay et al., 1996; Mason and Sullivan, 1997). 
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Accordingly, mercury exposure and accumulation is of particular concern for animals at the highest
trophic levels in aquatic food webs and for animals that feed on these organisms.


2.3.1.1  Field-derived BAFs, BSAFs, and PPFs


In this section, BCFs for organisms that occupy the base of aquatic food chains are reviewed,
along with BSAFs for fish and PPFs for avian and mammalian piscivores.  BSAFs for earthworms and
benthic invertebrates are also presented because both represent possible vectors for mobilization of
sediment-associated mercury and subsequent translocation to wildlife.  Median BAFs for fish occupying
trophic levels 3 and 4 are derived in Volume III, Appendix D.  A summary of these calculations is
presented in Chapter 5 of this Volume.


Recent studies with marine phytoplankton suggest that mercury accumulation at the lowest levels
of aquatic food webs is controlled largely by the availability of neutral mercury complexes (primarily
HgCl  and CH HgCl) (Mason et al., 1996).  Factors that can alter the concentration of these neutral2 3


species include pH, chloride concentration, and the amount of dissolved organic material.  Additionally,
it was found that most (63%) of the methylmercury that diffuses into phytoplankton becomes localized in
the cytoplasm.  Copepods assimilated almost all of this cytoplasmic mercury when they were fed
contaminated phytoplankton.  In contrast, inorganic mercury was concentrated predominantly (91%) in
cell membranes and was poorly (15%) assimilated.  Research on a Lake Michigan food web suggests that
similar mechanisms may be responsible for controlling mercury uptake by freshwater phytoplankton
(Mason and Sullivan, 1997).  Such studies are extremely important, since mercury uptake at the lowest
trophic levels is likely to be the single most important determinant of levels achieved by fish and
piscivorous wildlife.          


Data published by Becker and Bigham (1995) can be used to calculate a methylmercury BCF of
107,000 for phytoplankton in Onondaga Lake.  Corrected for the (assumed) percentage of methylmercury
in lake water (8%) and phytoplankton (24%), these data give a total mercury BCF of approximately
36,000.  Using total mercury data reported by Mason and Sullivan (1997), and assuming that dry weight
is 10% of wet weight, a BCF of about 7,000 can be calculated for phytoplankton in Lake Michigan. 
BCFs (total mercury basis, approximated from Hg  data) ranging from about 2,000 to 40,000 were2+


reported for periphyton collected from two streams in eastern Tennessee (Hill et al., 1996).  A total
mercury BCF of approximately 20,000 was reported for phytoplankton in a northern Wisconsin lake
(reference basin; Watras and Bloom, 1992).  Expressed on a methylmercury basis, the BCF for
phytoplankton in the same Wisconsin lake was approximately 90,000.


BAFs for zooplankton, expressed as ratios of total mercury, can be calculated from data
presented by Sorenson et al. (1990), Lindqvist (1991) and Mason and Sullivan (1997).  Respectively, the
calculated values are 35,600, 285,000, and 3,100.  A BAF of approximately 56,200 was reported for
zooplankton by Watras and Bloom (1992; reference basin).  Expressed on a methylmercury basis, the
BAF measured by Watras and Bloom (1992) was about 1,000,000.  Total mercury BAFs estimated for
zooplankton in 12 northern Wisconsin lakes ranged from about 4,800 to 270,000 (Back and Watras,
1995).  BAFs expressed on a methylmercury basis for the same 12 lakes ranged from about 11,000 to
12,600,000.  Much of this variability appeared to be correlated (inversely) with lakewater DOC content. 
Work conducted by Slotten et al. (1995) and Suchanek et al. (1997) suggests that mercury
bioaccumulation by zooplankton may vary seasonally, although in both of these studies data
interpretation was complicated by the presence of mercury point sources.  Becker and Bigham (1995)
reported a methylmercury BAF of approximately 87,000 for zooplankton in Onondaga Lake, which has
also received substantial mercury inputs from local point sources.    
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To date, BSAFs for mercury in aquatic biota have been estimated by only a few authors (e.g.,
Tremblay et al., 1996); however, a substantial amount of data exists that allows such calculations to be
made.  Hildebrand et al. (1980) observed a linear relationship between total mercury in sediment and that
in benthic invertebrates.  A BSAF of approximately 0.4 is obtained from the slope of this relationship
(after expressing benthos data on a dry weight basis).  The relationship between total mercury in fish
(rock bass and hog suckers) and that in sediments was reported by Hildebrand et al. (1980) to be
logarithmic.  Taking as an average a fish tissue value of 4.0 �g/g (dry weight; converted from 1.0 �g/g
wet weight) and solving for the sediment concentration yields a value of 2.78 �g/g.  The BSAF is equal
to the ratio of fish and sediment values, or approximately 1.4.  Total mercury data presented by Sorenson
et al. (1990) yield BSAFs (dry weight basis) of approximately 2.0 and 10.1 for zooplankton and northern
pike, respectively.  Data presented by Wren and MacCrimmon (1986) allow BSAFs to be calculated for
two Ontario lakes that differed considerably with respect to total mercury residues in biota.  In both lakes
BSAFs (dry weight basis) were very similar, ranging from approximately 5.1 (clams) to 24.0 (northern
pike) in the less contaminated of the two lakes, and 3.4 (clams) to 27.1 (pike) in the other system.  Using
the mid-range of values reported by Lindqvist (1991), BSAFs (dry weight basis) of approximately 2.2,
17.2, 17.7, and 45.7 are obtained for zooplankton, macroinvertebrates, yellow perch (small and large),
and northern pike (large and small), respectively.  Boyer (1982) reported total mercury concentrations in
fish and sediments from several locations on the upper Mississippi River.  Expressed on a dry weight
basis, these data yield BSAFs ranging from 2.5 to greater than 50.  Using "canal median" total mercury
data from Stober et al. (1995), a BSAF (wet weight basis) of about 0.6 can be calculated for mosquitofish
in the Florida Everglades region.  This value would increase somewhat if expressed on a dry weight
basis.  Saouter et al. (1993) exposed mayflies for 10 days to methylmercury in sediment and obtained a
BSAF (wet weight basis) of 4.0.  A BSAF for zooplankton of about 1.4 (dry weight basis) can be
calculated from mean total mercury data obtained in a survey of 73 Canadian lakes (Tremblay et al.,
1995).  Tremblay et al. (1996) reported the BSAF (dry weight basis) for aquatic insects to be about 3.0
when calculated using total mercury data, and from 6.0 to 22.0 when expressed on a methylmercury
basis.        


In summary, BSAFs calculated for total mercury in aquatic biota ranged from 0.4 to about 50
and, within a given system, appeared to increase with trophic level.  In terms of both magnitude and the
increase with trophic level, BSAFs for mercury are similar to BSAFs reported for hydrophobic organic
compounds (lipid/carbon normalized).  It could be hypothesized, therefore, that similar processes are at
work.  This is unlikely, however, since bioaccumulation of organic compounds is largely a partitioning
process, while for mercury the chemical interactions tend to more specific, often involving the formation
of covalent bonds.  Because mercury does not partition into lipid, normalization for lipid content makes
little sense.  The existence of strong relationships between mercury and organic carbon content (see for
example Wiener et al., 1982; Lindqvist, 1991) suggests, however, that some type of sediment carbon
normalization may be appropriate.  A single study by Tremblay et al. (1996) suggests that within a given
system BSAFs expressed on a methylmercury basis will exceed values calculated using total mercury
data.  While likely at higher trophic levels, additional data at lower trophic levels are needed to determine
the extent to which this observation may be generalized.   


Limited data are available that allow calculation of BSAFs for earthworms.  The concentration of
mercury in earthworms collected from an uncontaminated field site was 27.1 times that of soil and 6.9
times that of decaying vegetation (dry weight basis) (Siegel et al., 1975).  In a 12 week laboratory
exposure, earthworms accumulated an average of 21.3 times the mercury concentration of the soil to
which they were exposed (including control and treatment groups) (Beyer et al., 1985). 
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PPFs for piscivorous birds and mammals are difficult to determine accurately because residue
data cannot be attributed with any specificity to residues in a particular prey item; feeding observations
for the species in question are rarely reported in these studies.  Where possible,  PPFs were estimated by
constructing rough averages of residue values in prey items occupying similar trophic levels.  For this
analysis, mink, mergansers, and loons were assumed to feed exclusively at trophic level 3.  River otters
were assumed to feed at trophic levels 3 (80%) and 4 (20%).  


PPFs calculated for piscivorous birds from breast muscle mercury levels ranged from 1.7 for the
hooded merganser (Vermeer et al., 1973) to 7.7 for the herring gull (Wren et al., 1983).  Intermediate
values were calculated for the common merganser (2.5) (Vermeer et al., 1973) and loon (6.8) (Wren et
al., 1983).  Data collected by Wren et al. (1996) from Muskota, Ontario, permit PPFs to be calculated for
mink and otter.  Calculated from liver residues, these data yield PPFs of 6.2 and 4.7, respectively. 
Muscle tissue data reported in the same study yield PPFs of 8.1 and 1.7 for mink and otter, respectively. 
A PPF of 3.0 (muscle tissue basis) can be calculated for otters from Tadenac Lake, Ontario (Wren et al.,
1993).  Averaged across sampling locations and assuming consumption of the fish species analyzed,
PPFs of 2.7 (muscle basis) and 5.7 (liver basis) may be estimated for otters in Georgia (Halbrook et al.,
1994).


In a study designed specifically to assess the degree of mercury biomagnification in piscivorous
mammals, liver residues were paired by location with residue levels in fish (Foley et al., 1988).  These
data yield PPFs of 3.9 and 3.4 for mink and otter, respectively.  Kucera (1983) reported that the ratio of
mercury concentrations in mink and otter to that in predatory fish in the same region was about 10.  A
similar conclusion was reached by Francis and Bennett (1994) for otters in northern Michigan, based
upon an analysis of liver tissues.  Thus, it can be shown that mercury biomagnifies in piscivorous
wildlife, although the extent of this biomagnification is less than that typically reported for persistent
organic compounds.  For example, data reported by Braune and Norstrom (1989) suggest that the PPF for
PCBs in piscivorous birds can approach 100.  These observations have led to the suggestion that mercury
is eliminated by piscivorous wildlife in feathers and fur, and perhaps also via a demethylation pathway
(Wren et al., 1986); however, extensive elimination would be expected to result in PPFs of 1 or less.


2.3.1.2  Mercury Residues in Fish


Consistent with a need to characterize the exposure of piscivorous avian and mammalian wildlife
to mercury, an effort was made to estimate "national average" values for mercury in fish at trophic levels
3 and 4.  The calculation of true "national average" values would require the collection of a large number
of samples from randomly selected lakes and rivers.  Instead, the published literature contains a number
of papers in which mercury concentrations are given for relatively small numbers of fish from restricted
geographical regions.  Many of these studies were initiated due to known or suspected problems with
mercury in the region of interest.  Thus, a sample developed from a compilation of these data could be
biased toward the high-end of the distribution of mercury concentrations nationwide.    


A survey of the literature revealed only three nationwide fish collection efforts that used
consistent sampling and mercury measurement techniques.  In a study conducted by U.S. EPA, samples
were obtained from 374 sites across the U.S. (U.S. EPA, 1992b; Bahnick et al., 1994).  Site selection was
based partly on proximity to suspected point and non-point pollution sources, and a majority of sites were
located on streams and rivers.  Additionally, fish were collected from 35 "remote" sites that were thought
to provide background pollutant concentrations in fish.  Whole-body mercury levels were determined for
bottom feeders, and mercury levels in fillets were analyzed for game fish.  The maximum mercury level
detected was 1.80 �g/g wet weight, and the mean across all fish and sites was 0.26 �g/g (see Table 2-2). 
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The highest values were detected in piscivorous game fish (trophic level 4), including walleye, bass and
northern pike.  Lower levels were found in herbivores (e.g., carp and sucker), omnivores (e.g., catfish),
and species that prey extensively on insects (e.g., trout and crappie).  In general, this sampling effort did
not address fish that occupy trophic level 3 (forage fish).


Table 2-2
Nationwide Average of Mercury Residues in Fish


Fish Species Mercury Concentration Averaged Across
Sampling Sites (�g/g wet weight)


Carp 0.11


Sucker (White, Redhorse and Spotted) 0.17


Catfish (Channel and Flathead) 0.16


Bass (Largemouth, Smallmouth and White) 0.38


Walleye pike 0.52


Northern pike 0.31


Crappie 0.22


Brown Trout 0.14


Mean of All Fish Sampled 0.26


Source: Bahnick et. al., 1994.


Mercury levels in fish were measured at over 100 sites as part of the National Contaminant
Biomonitoring Program (NCBP) administered by the U.S. Fish and Wildlife Service.  Two compilations
of NCBP mercury data have been published.  The first summarizes data collected from 1978-1981 (Lowe
et al., 1985).  The second reports on data collected from 1984-1985 and draws comparisons with the
results 
of the earlier study (Schmitt and Brumbaugh, 1990).  As with the Bahnick et al. (1994) study, most of the
sampling sites were located on streams and rivers, many of which receive municipal and other waste.  In
addition, similar species were collected, with an emphasis on large piscivores, herbivores and omnivores. 
A review of these data suggests that piscivores accumulate more mercury than other fish species.  Thus,
lake trout (mean concentration of 0.17 µg/g) and largemouth bass (0.14 µg/g) contained more mercury
than co-collected non-piscivorous species (0.07 and 0.09 µg/g, respectively).  The  maximum mercury
concentration reported was 1.09 µg/g, and the mean across all fish and sites was 0.11 µg/g.  Of
importance for calculating a "national average" mercury concentration in fish, Schmitt and Brumbaugh
(1990) reported that mercury levels in fish did not change between 1976 and 1984.  Attention was
focused, therefore, on the Lowe et al. (1985) study because it comprised a larger number of individual
samples and because fish length and weight were also reported.
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An average mercury concentration in piscivorous fish analyzed by Bahnick et al. (1994) was calculated
from data presented by these authors (Table 3 in their report).  For this Report, the following species were
classified as trophic level 4 piscivores: largemouth bass, smallmouth bass, walleye, brown trout, white bass, and
northern pike.  The mean (± SD) of concentration data presented for these six species is 0.35 ± 0.13 µg/g.


An average value for piscivores analyzed by Lowe et al. (1985) was estimated using data presented by
these authors (Appendix A in their report).  Each value reported for a site and species represented a composite of
three to five fish.  The criteria established for using a reported value were: (1) the species is a recognized
piscivore; (2) the average size of specimens comprising a sample was > 0.5 kg; and (3) the sampling site was
located in the contiguous 48 states.  For this Report, the species identified as trophic level 4 piscivores were:
largemouth bass, smallmouth bass, striped bass, white bass, rock bass, northern pike, walleye, sauger, lake trout,
brown trout, rainbow trout, and northern squawfish.  The mean (± SD) of all data presented for these twelve
species was 0.18 ± 0.19 µg/g (N = 119), or just over one-half the concentration calculated using the Bahnick et al.
(1994) data.              


A "national average" mercury concentration for trophic level 4 fish was estimated as the average of mean
values calculated using data from Bahnick et al. (1994) and Lowe et al. (1985).  This value is 0.26 µg/g.  As
indicated above, neither of these nationwide sampling efforts adequately characterized mercury concentrations in
fish at trophic level 3.  A "national average" for trophic level 3 was therefore estimated by dividing the average
mercury concentration in piscivorous fish by an appropriate predator-prey factor (PPF).  A PPF for trophic level
4 (PPF ) can be estimated from existing field data.  This calculation was made in Appendix D, Volume III of this4


Report, resulting in a mean PPF  of 4.9.  Dividing this value into the average residue for trophic level 4 fish4


yields a value for trophic level 3 of 0.052 �g/g.


The extent to which these "national average" estimates reflect the true population means at each trophic
level is unknown.  A comparison of these values with published residues from a large number of studies suggests,
however, that they are "reasonable" and can be used in exposure assessments for piscivorous avian and
mammalian wildlife.


2.3.1.3  Mercury Residues in Avian and Mammalian Wildlife


A large volume of mercury residue data exists for both avian and mammalian wildlife that cannot be
directly related to mercury concentrations in water or sediment.  Nevertheless, these data are of considerable
value because they indicate the range of mercury concentrations that can be expected in animals inhabiting both
contaminated and uncontaminated environments.  A comparison of these residues with those obtained from
laboratory dose-response studies provides additional information, including the extent of difference between
"natural background" residues and those that are associated with toxic effects.  Emphasis is placed on piscivorous
birds and mammals living in association with freshwater ecosystems.  Data are also provided for the tree swallow
due to its link to aquatic sediments through consumption of emergent insects.


Mercury residues in tissues from birds are given in Table 2-3.  The birds represented in this table include
animals taken from polluted environments and individuals collected from environments for which there were no
known point sources.  This table is not intended to be an exhaustive compilation of measured residues, but
instead illustrates the range of values encountered in environmental sampling efforts.  Residues that, in the
opinion of the cited author, were associated with toxic effects are noted.


Factors contributing to the accumulation of mercury in wild birds are reviewed by Scheuhammer (1987,
1991).  The interpretation of residue data is complicated by the likelihood that mercury distribution in tissues
varies among species, and perhaps also among individuals of a single species, depending upon age, sex, diet, and
other factors.  Nevertheless, several generalizations can be attempted.  Mercury levels in feathers of birds
experimentally dosed with methylmercury generally exceed levels in muscle, liver and kidney by a factor of four
or more (Heinz, 1976a; Stickel et al., 1977; Finley and Stendell, 1978), and it has been suggested that in free-
living birds greater than 50% of the total body burden of mercury may be 
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Table 2-3
Mercury Residues in Tissues of Piscivorous Birds


Species Mercury Tissue Sampling Location Comments Reference
 (µg/g fresh weight)


Bald eagle 13.0 - 21.0 feathers Great Lakes region adults 1


Bald eagle 3.7 - 20.0 feathers Great Lakes region nestlings 1


Bald eagle 0.1 - 34.7            feathers N. Central Florida adults 2


Bald eagle 0.8 - 14.3 feathers N. Central Florida nestlings 2


Common loon 8.7 feathers Minnesota lakes adults 3


Common loon 2.7 feathers Minnesota lakes juveniles 3


Common loon 11.0 - 18.0 feathers Wisconsin lakes adults 4


Common loon 2.0 - 5.0 feathers Wisconsin lakes juveniles 4


Wood stork 1.9 feathers South Florida juveniles 5


Bald eagle 0.15 - 0.29 eggs British Columbia 6


Bald eagle 0.07 - 0.41 eggs 15 States (USA) 7


Common loon 0.40 - 1.10 eggs Wisconsin lakes 4


Common loon 2.0 - 3.0 eggs Northwestern Ontario polluted by point 8
source; LOAEL -
reproduction


Common tern 3.6 eggs Northwestern Ontario polluted by point 9
source; LOAEL -
reproduction


Herring gull 2.3 - 15.8 eggs Clay Lake, Ontario polluted by point 10
source, no adverse
effects







Table 2-3 (continued)
Mercury Residues in Tissues of Piscivorous Birds


Species Mercury Tissue Sampling Location Comments Reference
 (µg/g fresh weight)
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Wood stork 0.7 eggs South Florida 11


Tree swallow 0.04 - 0.08 eggs Lower Great Lakes consume emergent 12
aquatic insects


Common loon 1.6 - 47.7 liver Northwestern Ontario LOAEL - 8
reproduction


Common loon 9.5 - 90.0 liver Wisconsin lakes adults found dead 4


Common loon 5.6 liver Minnesota lakes adults found injured 3


Great White Heron 0.6 - 59.4 liver South Florida mixed age birds 13
found dead


Great Blue Heron 0.2 - 7.3 liver South Florida nestlings 14


Great Blue Heron 0.1 - 74.5 liver South Florida fledglings/young 14
adults


Common loon 0.2 - 6.9 breast muscle Northwestern Ontario polluted by point 8
source


Common goldeneye 0.9 - 19.4 breast muscle Clay Lake, Ontario polluted by point 10
source


Common merganser 4.4 - 13.1 breast muscle Clay Lake, Ontario polluted by point 10
source


Hooded merganser 3.9 - 17.6 breast muscle Clay Lake, Ontario polluted by point 10
source


Herring gull 0.7 - 4.0 breast muscle Tadenac Lake, Ontario 15







Table 2-3 (continued)
Mercury Residues in Tissues of Piscivorous Birds


Species Mercury Tissue Sampling Location Comments Reference
 (µg/g fresh weight)
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Common loon 1.5 breast muscle Tadenac Lake, Ontario 15


References:
1. Bowerman et al., 1994; range of means across sampling locations.
2.  Wood et al., 1996; range of contour feathers recovered at nest sites.  Means for nestlings and adults were 3.2 and 6.0, respectively.
3. Ensor et al., 1992; mean of birds caught by nightlighting.
4. Belant and Anderson, 1990; range of individual values.  Means for feathers (adult and juvenile), eggs and liver were 14.8, 4.0, 0.64 and 40.9, respectively.
5. Burger et al., 1993; mean value.
6. Elliott et al., 1996; range of means across sampling locations
7. Wiemeyer et al., 1993; range of means across sampling locations (collected after failure to hatch).
8. Barr, 1986; range of individual values.  Means for liver and muscle were 13.0 and 2.3, respectively.
9. Fimreite, 1974.
10. Vermeer et al., 1973; range of individual values.  Means for goldeneye, common merganser and hooded merganser were 7.8, 6.8 and 12.3, respectively.
11. Fleming et al., 1984; mean value.
12. Bishop et al., 1995; range of individual values, mean = 0.07.
13. Spalding et al., 1994; range of individual values.  Means for birds that died of acute and chronic causes were 1.8 and 9.8, respectively.
14. Sundlof et al., 1994; range of individual values.  Means for small nestlings, large nestlings and adults were 0.3, 1.5 and 6.6, respectively. 
15. Wren et al., 1983; gull data are reported as the range of individual values, mean = 1.7.
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present in the plumage (Braune and Gaskin, 1987).  Natural background levels of mercury in feathers of non-
piscivorous raptorial birds are thought to range from 1-5 �g/g (dry weight); however, this may vary  within and
among species depending upon the type of feather sampled, molting frequency and time to last molt.  Changes in
feather mercury levels that accompany growth and development suggest that in seabirds molting may be an
efficient means of eliminating mercury (Becker et al., 1994; Burger et al., 1994).  Comparable studies have not
yet been conducted with birds that live in freshwater ecosystems.


Tissue levels of mercury associated with toxic effects in birds appear to exceed those in birds inhabiting
relatively uncontaminated environments by a factor of ten or less (see Sections 2.3.2 and 2.3.3  for additional
details).  This observation is consistent with data for other environmental media (e.g., water, sediments, and fish),
which evidence similar differences between natural "background" levels of mercury and those which cause
significant environmental damage.  Owing to their ease of collection, the analysis of bird feathers and eggs has
been suggested as a means of identifying species that are at risk due to mercury.  This suggestion has particular
merit in view of the natural variation in mercury levels in the fish upon which these animals prey.  Mercury
residues in tissues also tend to integrate variations in mercury uptake and elimination due to changes in dietary
habits, migration, egg production, etc.


The abundance of mercury residue information for mammals reflects the availability of specimens as a
byproduct of commercial trapping.  Thus, residue data are available for wild muskrat, beaver, fox, weasel,
bobcat, marten, fisher, wolf, raccoon, opossum, mink and river otter.  Data are also available for a number of
game species, including squirrels, rabbits, caribou, moose, deer, elk, mountain goat and bear.  An extensive
compilation of these data is provided by Wren (1986), along with a review of tissue levels in both wild and
laboratory animals that have been associated with toxic effects.  Some of the data from this compilation are
presented in Table 2-4, as well as more recent information.  Emphasis was placed on piscivorous species due to
the exposure of these animals from consumption of contaminated fish.  Data from beaver and muskrat have also
been included, both to provide a general comparison of aquatic-based species and because, in several studies,
data were available for piscivores and herbivores from the same waterbody.  Emphasis was also placed on
residues in fur and liver.  This was done for two reasons:  (1) high residues have been found in the liver and
kidney; however, there are more reported values for liver and (2) fur, like feathers, has been suggested as a way
of non-invasively determining the residue status of wild animals and of identifying areas where animals may be at
risk due to mercury intoxication.  Finally, data from raccoons are included in Table 2-4 because they are
suspected of contributing to mercury exposure in the Florida panther.


In general, the rank order of mercury residues in tissues from wild mink and otter is: liver = kidney >
muscle > brain.  Levels in fur relative to those in other tissues are variable but, in most cases, are higher than
those in liver.  Comparisons between residues in wild animals with those in animals experimentally dosed with
mercury appear to be complicated by kinetics-based differences in disposition.  Thus, Wobeser et al. (1976b)
reported that mercury levels in the fur of experimentally dosed mink were low (1.5 �g/g) relative to
concentrations in liver (24.3 �g/g), kidney (23.1 �g/g), muscle (16.0 �g/g) or brain (11.9 �g/g).  A similar pattern
of distribution was reported for mink by Aulerich et al. (1974).  In contrast, mercury levels in the fur of an
individual mink found dying of mercury poisoning were higher than concentrations in any other tissue (see Table
2-4) (Wobeser and Swift, 1976).  Apparently, the length of time over which a dose is obtained dictates its
distribution, with redistribution from  well-perfused organs (liver and kidney) to storage tissues (fur and muscle)
slowly taking place during lifetime exposures.  These observations suggest that comparisons between mercury
residues in wild and experimental animals should be limited to consideration of well-perfused tissues.  More
valid comparisons can be made between apparently unaffected wild animals and wild animals that have died from
mercury poisoning.
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Table 2-4
Mercury Residues in Tissues of Piscivorous Mammals


Species Mercury Tissue Sampling Location Comments Reference
(µg/g fresh weight)


Otter 6.5 (max. = 63.2) fur Wisconsin 1


Otter 47.0 fur Clay Lake, Ontario polluted by point 2
source; death due to
poisoning


Otter 15.2 - 25.6                 fur Georgia 3


Mink 10.7 (max. = 17.3) fur Georgia 4


Mink 7.6 (max. = 41.2) fur Wisconsin 1


Mink 34.9 fur Saskatchewan polluted by point 5
source; death due to
poisoning


Raccoon 4.4 fur S. Florida 6


Muskrat 0.06 fur Wisconsin 1


Beaver 0.03 fur Wisconsin 1


Otter 5.1 - 9.2 liver Georgia 3


Otter 1.7 - 3.4 liver Manitoba males and females 7


Otter 2.4 - 4.5 liver Winnipeg R. males and females; 7
polluted by point
source


Otter 0.3 - 3.0 liver Louisiana 8


Otter 0.9 - 3.5 liver Ontario residues correlated 9
with acidity







Table 2-4 (continued)
Mercury Residues in Tissues of Piscivorous Mammals


Species Mercury Tissue Sampling Location Comments Reference
(µg/g fresh weight)
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Otter 0.8 - 3.2 liver N. Michigan 10


Otter 1.3 - 2.3 liver New York 11


Otter 96.0 liver Clay Lake, Ontario polluted by point 5
source; death due to
poisoning


Otter 3.3 (max. = 23.6) liver Wisconsin 1


Mink 0.4 - 1.7 liver Manitoba 7


Mink 2.1 (max. = 17.4) liver Wisconsin 1


Mink 0.1 - 2.6 liver Ontario residues correlated 9
with acidity


Mink 58.2 liver Saskatchewan polluted by point 5
source; death due to
poisoning


Mink 0.9 - 2.9 liver New York 11


Raccoon 2.0 liver Wisconsin 1


Raccoon 1.5 - 24.0 liver S. Florida 12


Muskrat < 0.02 liver Wisconsin 1


Beaver 0.04 liver Wisconsin 1


References:
1. Sheffy and St. Amant, 1982; mean value.
2. Wren, 1985; one individual.
3. Halbrook et al., 1994; range of means across sampling locations.
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4. Cumbie, 1975; mean value.
5. Wobeser and Swift, 1976; one individual.
6. Bigler et al., 1975; mean value.
7. Kucera, 1983; Manitoba data are reported as the range of means across sampling locations.  Data from the Winnipeg river are reported as a mean value.
8. Beck, 1977; range of means across sampling locations.
9. Wren et al., 1986; range of means across sampling locations.
10. Francis and Bennett, 1994; range of individual values.
11. Foley et al., 1988; range of means across sampling locations.
12. Roelke et al., 1991; range of means across sampling locations.
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 An examination of Table 2-4 suggests that mercury residues in tissues from mink and otters from 
Wisconsin (Sheffy and St. Amant, 1982) approached, and in several cases even exceeded, those of the "naturally"
poisoned animals.  High mercury residues in fur were also reported for river otters trapped in several locations
across Georgia (Halbrook, 1994).  The livers of raccoons captured in South Florida are also notably high in
mercury content (Roelke et al., 1991).


2.3.2 Individual Effects


Exposure to mercury can cause adverse effects in a wide variety of organisms, including plants, fish,
aquatic invertebrates, birds and mammals.  In this section, we review information on exposure levels that can
cause adverse effects in these groups.


2.3.2.1 Individual Effects on Plants


Effects of mercury on aquatic plants include death and sublethal effects.  Sublethal effects include plant
senescence, growth inhibition, decreased chlorophyll content, decreased protein and RNA content, inhibited
catalase and protease activities, inhibited and abnormal mitotic activity, increased free amino acid content,
discoloration of floating leaves, and leaf and root necrosis (Boney, 1971; Stanley, 1974; Muramoto and Oki,
1984; Mhatre and Chaphekar, 1985; Sarkar and Jana, 1986).  The level of mercury that results in toxic effects
varies greatly among aquatic plants, as illustrated in Table 2-5.


Table 2-5
Toxicity Values for Aquatic Plants


Water Type


Hg  (HgCl or HgNO ) Methylmercury2+
3


(�g/L) (�g/L)


Low End High End Low End High End


Fresh Water
53 (alga) 3,400 (submerged 0.8 (alga) 6.0 (alga)


aquatic vegetation)


Salt Water 10 (alga) 160 (seaweed) Not available Not available


Source:  U.S. EPA, 1985.


Mercury can also cause death and sublethal effects in terrestrial plants.  Sublethal effects on terrestrial
plants include decreased growth, leaf injury, root damage, inhibited root growth and function, hampered nutrient
uptake, chlorophyll decline and reduced photosynthesis (Schlegel et al., 1987; Lindqvist, 1991; Godbold, 1991).


Methylmercury is more toxic to terrestrial plants than Hg .  One to ten nM (nanomolar) mercuric2+


chloride or methyl mercuric chloride (provided in a nutrient solution) can inhibit root elongation in spruce
seedlings.  However, methyl mercuric chloride has a greater effect than mercuric chloride at the same
concentration (Godbold, 1991).  Sublethal effects, including decreased transpiration, decreased chlorophyll
concentration, partial stomatal closure, and reduced photosynthesis, occurred at nutrient solution concentrations
of 10 nM methyl mercuric chloride (Schlegel et al., 1987).
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2.3.2.2  Individual Effects on Fish and Aquatic Invertebrates


The toxicity of mercury to fish has been reviewed by Eisler (1987) and more recently by Wiener and
Spry (1995).  The highest mercury concentrations in fish generally occur in the blood, spleen, kidney and liver,
and may exceed those in muscle by a factor of 2-10 (McKim et al., 1976; Olson et al., 1978; Ribeyre and
Boudou, 1984; Boudou and Ribeyre, 1985; Harrison et al., 1990; Niimi and Kissoon, 1994).  Owing to the size of
these organs relative to that of other tissues, however,  most of the mercury contained in a fish at any given time
is associated with muscle tissue.  


The toxicity of mercury varies, depending on the fish's characteristics (e.g., species, life stage, age, and
size), environmental factors (e.g., temperature, salinity, dissolved oxygen content, hardness, and the presence of
other chemicals), and the form of mercury available.  In particular, early life stages (especially of salmonids)
exhibit greater sensitivity to elevated metal concentrations than later life stages.  The toxicity of Hg  compounds2+


to salmonids and catfish tends to increase with temperature (see Table 2-6).  Organomercury compounds, such as
methylmercury, generally are much more acutely toxic than Hg  to aquatic organisms.2+


Table 2-6
Mercury Toxicity Increases With Temperature


Temperature (�C) LC  (�g/l)50


Rainbow Trout with HgCl


5 400


10 280


15 220


Juvenile Catfish with Phenylmercuric Acetate


10 1,960


16.5 1,360


24 233


Source:  U.S. EPA, 1985.


Effects of mercury on fish include death, reduced reproduction, impaired growth and development,
behavioral abnormalities, altered blood chemistry, impaired osmoregulation, reduced feeding rates and predatory
success, and effects on oxygen exchange.  LC  values for fish range from 30 �g/L for guppies to 1,000 �g/L for50


the Mozambique tilapia (U.S. EPA, 1985).  Symptoms of acute mercury poisoning in fish include increased
secretion of mucous, flaring of gill opercula, increased respiration rate, loss of equilibrium and sluggishness. 
Signs of chronic poisoning include emaciation, brain lesions, cataracts, inability to capture food, abnormal motor
coordination and various erratic behaviors (e.g., altered feeding behavior) (Weis and Weis, 1989, 1995).


It is generally thought that toxic effects are unlikely to occur in fish in the environment, except in the
case of point source pollution discharges.  An accumulating body of evidence, however, suggests that histological
changes and effects on behavior, reproduction, and development can occur at water concentrations as low as 0.1
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�g/L (Wiener and Spry, 1995), or about two orders of magnitude higher than those generally associated with
unpolluted systems.  In a recent study, juvenile walleye were exposed to methylmercury in the diet at
concentrations of 0.1 and 1.0 µg/g (Friedmann et al., 1996).  Growth, development and hormonal status were
impacted at the high dose level.  No effects were seen at the lower dose level or in controls.  The high dose level
used in this study is within a factor of 10 of values reported for macroinvertebrates and forage fish from mercury-
impacted "pristine" lakes (i.e., no known point source) in both Canada and the U.S. (Allard and Stokes, 1989;
Sorenson et al., 1990; Watras and Bloom, 1992).


Levels of mercury that induce toxic effects in aquatic invertebrate species vary.  For Hg , acute values2+


(LC ) for invertebrates range from 2.2 �g/L for the cladoceran Daphnia pulex to 2,000 �g/L for the larval forms50


of three insects (U.S. EPA, 1985).  Examples of some specific toxicity values for fish and aquatic invertebrates
are provided in Table 2-7.


2.3.2.3  Individual Effects on Birds


Methylmercury has been shown to be more toxic to birds than inorganic mercury.  Mercury poisoning in
birds is characterized by muscular incoordination, falling, slowness, fluffed feathers, calmness, withdrawal,
hyperactivity, hypoactivity and eyelid drooping (reviewed by Eisler, 1987; Fimreite, 1979; Scheuhammer, 1987,
1991).  Acute oral toxicity studies using methylmercury yielded LD  values ranging from 2.2 to 23.5 �g/g for50


mallards (Anas platyrhynchos), 11.0 to 27.0 �g/g for quail (Coturnix) and 28.3 �g/g for northern bobwhite
(Colinus virginianus).  Some bird kills have occurred, generally due to ingestion of mercury-based fungicides
applied to grain. Whole-body residues of mercury in acutely poisoned birds usually exceed 20 �g/g fresh weight
and have been found up to 126 �g/g.  Mercury levels observed in such cases are generally highest in the brain,
followed by the liver, kidney, muscle and carcass.


Sublethal effects of mercury on birds include liver damage, kidney damage, neurobehavioral effects,
reduced food consumption, weight loss, spinal cord damage, effects on enzyme systems, reduced cardiovascular
function, impaired immune response, reduced muscular coordination, impaired growth and development, altered
blood and serum chemistry, and  reproductive effects (Eisler, 1987; Scheuhammer, 1987, 1991; MDNR, 1993). 
Reproductive and behavioral effects are the primary concern, however, and can occur at dietary concentrations
well below those that cause overt toxicity.


Scheuhammer (1991) concluded that on the basis of laboratory dose-response studies (Heinz, 1976a;
Finley and Stendell, 1978), piscivorous birds consuming diets containing >1 �g/g (dry weight) methylmercury in
their diet (approximately 0.25 �g/g wet weight) will accumulate >20 �g/g (dry weight) in their feathers.  Similar
levels in both spiked diets (Heinz, 1974, 1976a,b, 1979) and natural prey sources (Barr, 1986) have been shown
to be toxic to birds.  Thus, it appears that mercury levels in feathers exceeding 20 �g/g should be interpreted as
evidence for possible toxic effects.  Eisler (1987) recommended that 5.0 �g/g fresh weight in feathers be used as
a criterion for the protection of birds.


Tissue mercury concentrations that are associated with toxicity in birds are remarkably similar despite
differences in species, dietary exposure level and length of time necessary to produce the effect (Scheuhammer,
1991).  Frank neurological signs are generally associated with brain mercury concentrations of 15 �g/g (wet
weight) or higher and 30 �g/g or more in liver and kidney.  Liver mercury concentrations of 2-12 �g/g (wet
weight) were associated with reproductive impairment in adult pheasants and mallard ducks (Fimreite, 1971;
Heinz, 1976a,b).  Mortality was observed in newly hatched ducklings 
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Table 2-7
Toxicity Values for Fish and Aquatic Invertebrates


Organism Hg  (HgCl or HgNO ) (�g/L) Methylmercury (�g/L)2+
3


A C U T E (LC )50


Fresh water 2.2 (cladoceran) to 2,000 (insect larvae) Not available
invertebrates


Fresh water fish 30 (guppy) to 1,000 (tilapia) Not available


Rainbow trout 155 to 420 24 to 84


Fresh water AWQC 2.4 (total mercury)a


Salt water 3.5 (mysid) to 400 (soft clam) Not available
invertebrates


b


Salt water fish 36 (juvenile spot) to 1,678 (flounder) 51.1 (mummichog)c


Salt water AWQC 2.1 (total mercury)a


C H R O N I C


Fresh water 0.96 (cladoceran) to 1.287 (cladoceran) < 0.04 (cladoceran)
invertebrates


Fresh water fish < 0.23 (minnow) to < 0.26 (minnow) 0.29 (brook trout) to 0.93 (brook trout)


Fresh water AWQC 0.012 (total mercury)a


Salt water 1.131 (mysid) Not available
invertebrates


Salt water AWQC 0.025 (total mercury)a


 AWQCs are designed to be protective of the aquatic community as a whole.a


 As cited in U.S. EPA, 1985, LC s of 10,000 and 8,700 �g/L for Atlantic clams (Rangia cuneata) were reported by Olson and Harrellb
50


(1973), but Dillon (1977) reported LC  values of 58 and 122 �g/L for the same clam species.50


 As cited in U.S. EPA, 1985, an LC  of 2,000 �g/L for mummichogs was reported by Klaunig et al. (1975), but Dorfman (1977) andc
50


Eisler and Hennekey (1977) reported LC  values of 800 �g/L or less for the same fish species.50


Source:  U.S. EPA, 1985 except where otherwise noted.


with brain mercury concentrations of 3-7 �g/g (wet weight), while levels four times these values are required to
cause mortality in adults (Stoewsand et al., 1974; Finley et al., 1979; Scheuhammer, 1988).


Reproductive impairment has been observed in laboratory studies when mercury concentrations in eggs
exceed 0.5 �g/g (Fimreite, 1971; Heinz, 1974, 1976a,b, 1979).  Field studies tend to confirm these results. 
Reproductive impairment in the loon was associated with mercury levels in eggs ranging from 2-3 �g/g (Barr,
1986).  Adverse effects on hatching and fledging were observed when mercury concentrations in the eggs of
common terns exceeded 3.6 �g/g (Fimreite, 1974).  Mercury appeared to be a contributing factor to reduced
reproductive success in raptors at some locations (Odsjö, 1982; Evans, 1986).  In one study, however, hatching in
herring gulls appeared to be unaffected, despite the fact that eggs contained upwards of 10 �g/g of mercury







2-30


(Vermeer et al., 1973).  Lowest-observed-adverse-effect level (LOAEL) and no-observed-adverse-effect level
(NOAEL) values for effects of methylmercury on avian wildlife are derived in Section 4.2.2 of this Volume. 
Possible effects on populations of selected avian species are discussed in Section 2.3.3 of this Volume.


2.3.2.4  Individual Effects on Mammals


Extensive research on the toxicity of mercury to mammals indicates that effects vary depending on the
form of mercury ingested or inhaled.  Inorganic mercury is corrosive, and acute exposure to humans and other
mammals may cause burning, irritation, salivation, vomiting, bloody diarrhea, upper gastrointestinal tract edema,
abdominal pain, and hemorrhaging (Goyer, 1993).  Ingestion of mercurial salts in large doses may cause kidney
damage (Zalups and Lash, 1994).  The main toxic effects due to ingestion of organic mercurials are neurological
effects such as paresthesia, visual disturbances, mental disturbances, hallucinations, ataxia, hearing defects, and
stupor (Clarkson et al., 1972).


Differences between the toxicity of different forms of mercury were demonstrated in a study by Aulerich
et al.(1974) using mink (Mustela vison) fed either 5 ppm methylmercury or 10 ppm mercuric chloride.  Mink
treated with methylmercury died within 30 days, while those treated with mercuric chloride suffered no ill
effects.  Methylmercury attacks the central nervous systems in mammalian wildlife as well as in humans.  The
nervous system of the developing fetus may be particularly vulnerable (Bakir et al., 1973), and concern for these
effects tends to drive human health risk assessments for mercury (Clarkson, 1990; reviewed in Volume V of this
Report).  Methylmercury ingestion can also cause reduced food intake, weight loss, muscular atrophy and
damage to an animal's heart, lungs, liver, kidneys and stomach (Goyer, 1993; MDNR, 1993).


Levels of exposure that induce mercury poisoning in mammals vary among species.  Death occurs in
sensitive mammal species at 0.1-0.5 �g/g bw/d, or 1.0-5.0 �g/g in the diet.  Smaller animals (e.g., minks and
monkeys) are generally more susceptible to mercury poisoning than are larger animals (e.g., mule deer and harp
seals), perhaps because of differences in elimination rates.  Also, smaller mammals eat more per unit body weight
than larger mammals and, thus, may be exposed to larger amounts of mercury on a body weight basis.  LOAEL
and NOAEL values for effects of methylmercury on mammalian wildlife are derived in Section 4 of this Volume.


2.3.3 Population Effects


Mercury contamination has been documented in endangered species, such as the Florida panther and the
wood stork, as well as in populations of loons, eagles and furbearers such as mink and otters.  These species
experience high exposures because they either are piscivores or eat piscivores.


2.3.3.1 Loon Populations


It has been suggested by several researchers that loons are at risk from mercury contamination in aquatic
food chains.  Loons are primarily piscivorous but also consume benthic macroinvertebrates, such as crayfish
(Barr, 1973).  Mercury levels in crayfish approach and may even exceed those of forage fish from the same lakes
(Barr, 1986; Allard and Stokes, 1989).  Much of the loon’s summer breeding range receives substantial mercury
inputs from airborne deposition.  In addition, many of these areas are known to be susceptible to acid deposition. 
As noted previously, a negative correlation often exists between lake water pH and mercury concentrations in
fish.
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A comprehensive study of mercury toxicity in wild loons was conducted by Barr (1986).  Loons were
collected from three habitats within the Wabigoon River watershed (Ontario, Canada) both above and below a
chlor-alkali plant that discharged mercury into the river.  The first habitat (designated C1) consisted of the lakes
and river directly downstream of the plant.  Habitat C2 did not receive mercury discharges but was accessible to
mercury-contaminated fish that originated in C1.  Habitat C3 was upstream from the chlor-alkali plant and
received no appreciable mercury from other sources.  Contaminated fish were prevented from entering C3 by a
waterfall.  A nearby habitat (C4), not connected to the other three habitats, received no mercury contamination
and served as a control.  Human disturbances in all habitats were determined to be minimal, and concentrations
of organochlorine contaminants were low (less than 0.02 ppm total for all pesticides, including all DDT
metabolites, and 0.04 ppm for PCBs).


Barr (1986) found a strong negative correlation between mercury levels in water and reproductive
success in loons as far as 160 km downstream from the mercury source.  Mercury in prey fish and invertebrates
declined with increasing distance from the mercury source, but contaminated fish were able to migrate into the
uncontaminated C2 habitat.  Mercury levels in loon tissues (eggs, liver, muscle and brain in both adults and
chicks) were highest in the C1 habitat but were also elevated in the C2 habitat, presumably because loons were
feeding on contaminated prey which migrated from C1.  Mercury levels in loons from habitat C3 (upstream from
mercury source and inaccessible to contaminated fish) were comparable with levels from the uncontaminated
control habitat, C4.  Most of the mercury in loon tissues, with the exception of the liver, was in the form of
methylmercury.  Mercury in the liver appeared to be inorganic, suggesting the existence of a demethylation
pathway.  Dose-response relationships appeared to exist between mercury in prey and reproductive success as
well as mercury in various tissues and reproductive success.  For example, reductions in egg laying and in nest
site and territorial fidelity were associated with prey containing mean mercury concentrations in the range of
0.3-0.4 �g/g.  Reproductive success was also reduced in loons with brain or egg levels of 2-3 �g/g and in loons
with liver residues above 13 �g/g.  No loons reproduced successfully where prey species contained mercury at
levels greater than 0.4 �g/g.


Ensor et al. (1992) captured 93 loons and collected 128 dead or dying loons from 18 northern and central
counties in Minnesota.  Feathers were collected from live loons.  Feathers and liver tissue were collected from
the dead loons.  In 22 percent of the liver samples, mercury concentrations exceeded 13 �g/g, the level associated
with impaired reproduction by Barr (1986).  Adult loons contained greater concentrations of mercury than
juvenile loons in feathers  (8.7 vs. 2.7 �g/g wet weight) and in the liver (6.6 vs. 1.1 �g/g wet weight), as expected
for a contaminant which bioaccumulates.  The mercury in the juvenile loons was considered to be representative
of local mercury contamination since all of their food would have been obtained from lakes within Minnesota. 
Mercury in adult loons was thought to represent contributions from both the summering grounds (Minnesota) and
wintering grounds (Gulf of Mexico).  


Ensor et al. (1992) concluded that juvenile loons that died of disease had significantly higher mercury
levels in feathers than juvenile loons that died from injury or were caught alive.  Emaciated loons also had
significant (significance level not reported) elevations of mercury in both feathers and liver.  It was not clear
whether elevated mercury in emaciated loons resulted from concentration of existing mercury stores while body
fat and protein were catabolized or whether mercury contributed to the emaciation.  The authors concluded that
the evidence of adverse impacts on the Minnesota loon population was sufficient to recommend monitoring
mercury levels in loon populations.
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Working in north central Wisconsin, Belant and Anderson (1990) collected both live and dead loons and
addled eggs from abandoned nests.  Residues of mercury and 14 organochlorine pesticides were measured in
feathers (live and dead loons) and brain, muscle, and liver (dead loons).  The conclusions reported in this study
were similar to those reached by Ensor et al. (1992).  Pesticide concentrations in dead loons were relatively low. 
In contrast, mercury levels in liver (mean concentration of 40.9 �g/kg wet weight) exceeded those associated
with reproductive dysfunction as reported by Barr (1986).


Scheuhammer and Blancher (1994) reported on mercury levels in fish sampled from lakes throughout
Ontario, Canada in areas without known point sources of mercury.  Up to 30% of the lakes contained fish with
mercury levels that exceeded 0.3 �g/kg (wet weight), the level associated with reproductive impairment in loons
as reported by Barr (1986).  The lack of any identified point source of mercury contamination was considered by
the authors to be indirect evidence of airborne deposition of mercury over large portions of Ontario.


Preliminary results from an ongoing study of loons in northern Wisconsin were reported by Meyer et al.
(1996).  A significant negative correlation was found between mercury levels in blood from chicks and lake pH. 
Chick mortality was also greater on low pH lakes.  It was not clear; however, whether these effects can be
attributed to mercury or to a general reduction in the prey base of acidic lakes.  Previously, it had been shown
that mercury levels in blood and feathers of adult loons were negatively correlated with lake pH (Meyer et al.,
1995).  


The viability of loon populations within their traditional habitats in the United States is unclear.  None of
the studies reviewed was able to demonstrate clear population declines on a regional or national basis.  Several
studies have found that substantial numbers of loons contain mercury at or above levels associated with reduced
reproductive success as reported by Barr (1986) .  It has also been suggested (but not clearly demonstrated) that
sublethal effects of mercury exposure may produce greater susceptibility to environmental stresses, including
other contaminants.  Mercury also may make loons more susceptible to secondary infections, especially during
stressful activities such as molting and migration.  Investigations in response to a die-off of over 2,500 loons in
the Gulf of Mexico in 1983 found that elevated levels of mercury were associated with abnormally high
infestations of parasites (Barr, 1986).


2.3.3.2 Eagle Populations


Bald eagles are distributed throughout the United States.  Many migrate into the lower forty-eight states
only during the winter months; others are resident throughout the year.  Bald eagles, like several other avian
species, were adversely impacted by DDT and its metabolites during the 1950s, 60s, and 70s.  Due to their status
as a federally listed "threatened" species, the potential threat of mercury exposure to eagle survival and recovery
is a concern.


Researchers have measured mercury residues in bald eagle feathers (U.S. FWS, 1993;  Welch, 1994;
Bowerman, 1994; Wood et al., 1996), eggs (Grier, 1974; Wiemeyer et al., 1984, 1993; Grubb et al., 1990;
Anthony et al., 1993; Elliott et al., 1996) and blood (Anthony et al., 1993; U.S. FWS, 1993; Welch, 1994; Wood
et al., 1996).  Several of these studies have also reported on levels of other contaminants that might threaten eagle
reproduction.


Wiemeyer et al. (1984) sampled bald eagle eggs that had failed to hatch from nests located in 14 states
between 1969 and 1979; eggs were tested for organochlorine residues and mercury.  The highest levels of
mercury were detected in eggs from Maine.  Eight organic contaminants were negatively correlated with eggshell







2-33


thinning, a trait often linked with reproductive failure in birds.  When mercury levels were compared with the
mean 5-year production rate for eagle nests, a weak negative correlation was found, suggesting an adverse effect
of mercury.  The analysis was confounded, however, by the co-occurrence of DDE in many of the eggs with the
highest mercury levels.  The authors concluded that mercury contamination appears to have the potential for
adverse effects on eagle production in only a few of the breeding areas sampled, primarily in Maine.


Continuing the work begun earlier, Wiemeyer et al. (1993) collected eggs that had failed to hatch from
nests in 15 states between 1980 and 1984 and analyzed them for organochlorine pesticides, polychlorinated
biphenyls (PCBs) and mercury.  These data were then combined with the data collected previously (Wiemeyer et
al., 1984).  As before, DDE was the contaminant most significantly (negatively) correlated with eggshell
thinning, with DDD, DDT and PCBs significantly, but less strongly, correlated.  The highest levels of DDE,
PCBs and mercury occurred in eggs collected in Maine.  Mercury levels in eagle eggs, at or above 0.28 �g/g 
(wet weight), were significantly correlated with a reduction in mean 5-year production rate for eagle nests.  This
value is comparable to the negative effect value of 0.5 �g/g derived earlier (Wiemeyer et al., 1984).  The authors
noted, however, that only three egg samples (all from Maine) contained mercury levels greater than 0.5 �g/g and
that these eggs also contained levels of DDE known to reduce eagle productivity (>6 �g/g).  Wiemeyer et al.
(1993) concluded that recent data provide even less evidence than previously indicated (Wiemeyer et al., 1984)
that contaminants other that DDE are adversely impacting bald eagle productivity.  Grubb et al. (1990), Grier
(1974), and Anthony et al. (1993) reached similar conclusions on the lack of evidence for an association between
mercury levels and reproductive failure in bald eagles.


Bowerman and co-workers (Bowerman, 1993; Bowerman et al. 1994) examined the productivity of bald
eagles in six geographic regions, including Lakes Superior, Michigan, Huron, and Erie and the states of Michigan
and Minnesota.  Significant negative correlations existed between plasma levels of PCB and p,p'-DDE and
reproductive success.  Mercury levels in feathers ranged from 9.0 to 23.4 �g/g but were not correlated with
reproductive success.


Welch (1994) sampled eggs, blood and feathers from Maine bald eagles and analyzed them for
organochlorine pesticides, PCBs, TCDD equivalents (TCDD-eq), and mercury.  Mercury levels in inland eagles
were higher than concentrations in eagles inhabiting the coastline.  In general, these elevated mercury levels
appeared to be related to mercury residues in fish from the two areas.  Productivity was also lower for inland
eagle nests; however, the correlation of mercury levels in blood and feathers with mean productivity (5 and 15
years) was not significant.


Mercury concentrations in eagle eggs from British Columbia approached and in some instances exceeded
the level (0.28 �g/g) associated with long-term declines in eagle populations as reported by Wiemeyer et al.
(1993).  However, populations in this region appeared at the time of the study to be increasing.  Mercury residues
in feathers, blood and livers from eagles in central Florida were lower than those determined for most other wild
eagle populations (Wood et al., 1996).


One of the difficulties in evaluating the effect of mercury on the bald eagle is the co-occurrence of
organochlorine compounds such as PCBs, DDE and TCDDs at levels that may have adverse effects on
reproduction.  Bowerman (1993) hypothesized that the effect of the organochlorine contaminants may be
masking the effect of mercury.  The U.S. Fish and Wildlife Service (1993) also suggested that, while mercury
was not found in Florida bald eagles at lethal levels, sublethal levels may be adversely affecting eagle
reproduction.  Historical data suggest that eagle populations in the Great Lakes Basin are still well below the
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region’s carrying capacity.  In contrast, eagle populations on many inland waters appear to be doing well
(Colborn, 1991; Bowerman, 1993; Bowerman et al., 1994).  


2.3.3.3 Wood Stork Populations


Mercury has been detected in feathers of the endangered wood stork, although the levels found
apparently have not caused toxic effects.  Young wood storks in Florida had mercury levels of 1.87 �g/g dry
weight; higher mercury levels would be expected for adults from the same area (Burger et al., 1993).  Fleming et
al. (1984) reported mercury levels of 0.66 �g/g wet weight in wood stork eggs, which is somewhat less than
Eisler's (1987) recommended criterion of <0.90-2.0 �g/g wet weight in eggs.


2.3.3.4 Other Wading Birds


The wading bird population in Florida has declined substantially since the 1940's (Ogden, 1994).  While
a variety of factors have been implicated, cause-and-effect relationships remain difficult to establish.  The
possible effect of mercury on wading birds was investigated by Spalding et al. (1994) and Sundlof et al. (1994). 
In general, there is a positive relationship between mercury residues in wading birds and the trophic level at
which they feed (Sundlof et al., 1994).  Mercury levels in livers of birds that feed on fish (e.g., Great Blue Heron,
Great White Heron, and Great Egret) exceeded, in several instances, those associated by other authors with
neurologic signs in birds (30 �g/g wet weight) (Scheuhammer, 1991).       


2.3.3.5 Furbearer Populations


In one Ontario incident, an eagle was found scavenging on a mercury-poisoned dead otter at Clay Lake
(Wren, 1985).  Mercury levels in the otter (liver - 96 �g/g; kidneys - 58 �g/g; brain - 30 �g/g) were well above
those known to be toxic to otters in laboratory exposures.  The primary source of the mercury was a chlor-alkali
plant that discharged mercury directly into the river. 


In a separate incident, a mink exhibiting unnatural behavior was collected near the mercury-contaminated
Saskatchewan River (Wobeser and Swift, 1976).  Subsequent determination of mercury levels in the liver (58
�g/g), kidney (32.9 �g/g), muscle (15.2 �g/g), brain (13.4 �g/g) and fur (34.9 �g/g), combined with clinical and
pathologic findings, were deemed sufficient by the authors to conclude that the animal had been poisoned by
mercury.  Residue levels found in this animal exceeded those determined in laboratory studies to be associated
with toxicity.  The origins of mercury in this case could not be determined; however, it was observed that fish
from the Saskatchewan River contain mercury at concentrations higher than those known to cause toxicity to
mink in laboratory studies.


In a study of furbearers obtained from trappers in the Wisconsin River watershed (1972-1975), otters
contained the highest tissue mercury levels, followed by minks, raccoons, foxes, muskrats and beavers (Sheffy
and St. Amant, 1982).  Liver mercury concentrations reported by Halbrook et al. (1994) for otters collected from
the coastal plain of Georgia (5.1-9.2 �g/g) were approximately one-third the levels reported for otters and mink
that died in experimental dosing studies (Aulerich et al., 1974; Wobeser et al., 1976; O’Conner and Nielson,
1981), and it was speculated by these authors that sublethal behavioral and reproductive impacts could result in
population level effects.
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Mink populations, like those of the otter, have declined substantially in the Southeastern coastal states,
particularly in the coastal plain.  Mercury concentrations in mink from the coastal plain were found to be higher
than those in mink from inland areas, and were in the range (3.5 �g/g in kidney)  of those known to be associated
with reproductive and behavioral effects in laboratory studies (Osowski et al., 1995).  Liver PCB levels were also
found to be significantly elevated.  In this regard, it is of interest to note studies with mink which suggest that
mercury and PCBs can act synergistically to reduce reproductive success (Wren et al., 1987).  Giesy et al. (1994)
determined that PCBs and mercury do not pose a threat to mink on three Michigan rivers.  As with most
assessments of this type, however, combined impacts were not considered.


2.3.3.6 Florida Panther Populations


Mercury is suspected of contributing to the death of one and possibly more endangered Florida panthers. 
The Florida Panther Interagency Committee (FPIC) reported that approximately 100 ppm of mercury was
detected in the liver and 130 ppm in the hair of a 4-year-old female panther (FPIC, 1989).  The panther, No. 27,
had been radio-instrumented since 1988 and was found dead in the eastern part of the Florida Everglades
National Park (FPIC, 1989).  Relatively high levels of mercury (0.005-20.0 ppm) were detected in archived liver
samples from six dead panthers, and levels ranging from 0.02-130.0 ppm have been measured in the hair samples
from ten live individuals.  The FPIC concluded that panther No. 27 died of mercury poisoning; however, the
cause of death of the six archived animals was not mentioned in their report.  


The most probable source of mercury contamination in Florida panthers is via the food chain.  The diet of
the Florida panther includes both raccoons and white-tailed deer but varies greatly depending on prey
availability.  Mercury contamination in raccoons has been found to occur in a distributional pattern that coincides
with the species range of Florida panthers (Roelke et al., 1991).  The accumulation of mercury in raccoons is due
to consumption of contaminated aquatic life, including invertebrates, fish and amphibians.  The panthers most at
risk, therefore, appear to be those that consume mercury-contaminated raccoons.  Panthers that prey on deer are
less exposed to mercury because deer are herbivores and accumulate less mercury.  Based upon the findings of
the FPIC, habitat modifications have been implemented in the Florida Everglades to increase local deer herds.


In addition to mortality, mercury contamination could decrease reproductive success in the Florida
panther.  Methylmercury ingested by a pregnant mammal passes through the placenta to the developing fetus,
potentially causing abortions, stillbirths, congenital defects and behavioral modifications that result in the death
of neonates.  Roelke et al. (1991) found a significant inverse correlation between mercury concentrations in
mother panthers and survivorship of the young.  Because so few Florida panthers remain (only 30 to 50 in the
wild) (Jordan, 1990), the possibility exists that mercury contamination could contribute to the extinction of this
endangered species (Roelke et al., 1991).  However, mercury is but one of several stressors that may be affecting
the panther.  Habitat fragmentation, inbreeding (Roelke et al., 1993), and feminization by endocrine disrupting
compounds (Facemire et al., 1995) have all been implicated as causative factors in the decline of this species. 
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2.3.4 Communities and Ecosystems


2.3.4.1 Aquatic Communities and Ecosystems


Effects of contaminants on aquatic communities have been investigated by examining functional and
structural responses of natural assemblages in laboratory settings to toxic substances added singly or in
combination.  The species diversity of freshwater and brackish-water microbial communities was reduced by
exposure to 40 �g/L of mercuric chloride (Singleton and Guthrie, 1977).  Carbon fixation was reduced by 50
percent in freshwater phytoplankton communities exposed to 0.4 �g/L of mercuric chloride, but this effect was
mitigated by the presence of humus or sediment (Hongve et al., 1980).  Mercuric chloride (0.5 �g/L)
administered to a marine aquatic community inhibited phytoplankton growth, killed or retarded development in
copepods, and increased the number of viable bacteria (Kuiper, 1981).  The species composition of the
phytoplankton also changed, possibly due to selective reduction of predation by the copepods.  Bacterial
populations may have increased due to increased food supply in the form of dead phytoplankton (Kuiper, 1981).


In general, mercury concentrations (as Hg ) required to elicit toxic effects on natural aquatic+2


communities exceed those commonly measured in surface waters by two or more orders of magnitude (low ng/L
in waters not impacted by point source discharge) (Spry and Wiener, 1991; Wiener and Spry, 1995).  Studies of
the effects of methylmercury on aquatic assemblages were not found, however, and it can be reasonably
anticipated that the toxicity of methylmercury to these communities would exceed that of mercuric chloride. 
Effects of mercury or any other substance at this level of biological organization could potentially have far-
reaching impacts on the entire food chain by changing both nutrient and energy fluxes.


Field studies of mercury occurrence and effects at the community level are not available.  Moreover,
interpreting field studies can be difficult because more than one stressor is often present.  Elevated concentrations
of mercury have been found in several species of piscivorous wildlife that have experienced reproductive failure
in the Great Lakes region (e.g., Caspian terns, herring gulls, double-crested cormorants, and mink) (Peakall,
1988; Colborn, 1991; Environment Canada, 1991; Gilbertson et al., 1991).  However, other bioaccumulative
contaminants, such as PCBs, dioxins and DDT/DDE, have been implicated as the most likely causative agents
(Colborn, 1991; Gilbertson et al., 1991).


2.3.4.2 Terrestrial Communities and Ecosystems


As noted previously, atmospherically deposited heavy metals such as mercury tend to accumulate in top
soils.  This results in particularly high exposures in decomposer communities, which play a crucial role within
the natural nutrient cycles of terrestrial ecosystems.  Mercury forms stable complexes with organic substances of
high molecular weight (humic acids) and exhibits limited mobility within soils.  Processes that may be affected
by heavy metals in top soil include litter decomposition, carbon mineralization, nitrogen transformation and
enzyme activity.  Mercury effects on soil microorganisms vary depending on soil type (Zelles et al., 1986). 
Mercury generally inhibits heat production, respiration and iron reduction by soil microorganisms in sandy soils
and, to a lesser extent, in clay.  At some intermediate concentrations, however, mercury may stimulate microbial
activity in peat (Zelles et al., 1986).


It is difficult to estimate specific toxic levels for microbial-mediated processes in decomposer
communities due to widely differing soil properties and methodological discrepancies in the literature.  In a
report on mercury in the Swedish environment, Lindqvist (1991) cites a study in which soil microbial activity
was significantly reduced at mercury concentrations ranging from 0.06-0.08 �g/g dry weight of humus.  The
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concentration of mercury in forest soils in Sweden is in the range 0.01-0.09 �g/g.  In a second cited study,
however, the mercury concentration in soil required to reduce soil microbial activity was 50 �g/g.  A common
effect of metal contamination on soil animal groups is a decrease in species diversity.  In some species,
susceptibility to metals may be a secondary effect due to differences in food availability rather than metal toxicity
per se.


2.3.5 Conclusions


Of the pathways by which ecosystems and components of ecosystems might be exposed to atmospheric
mercury, exposure of high trophic level wildlife to mercury in food is particularly important.  The trophic level
and feeding habits of an animal influence the degree to which it is exposed to mercury.  Mercury biomagnifies in
aquatic food chains resulting in increasing tissue concentrations of mercury as trophic level increases.  Predatory
animals primarily associated with aquatic food chains accumulate more mercury than those associated with
terrestrial food chains.  Thus, piscivores and other carnivores that prey on piscivores generally have the highest
exposure to mercury.  In a study of furbearing mammals in Wisconsin, the species with the highest tissue levels
of mercury were otter and mink, which are top mammalian predators on aquatic food chains (Sheffy and St.
Amant, 1982).  Top avian predators of aquatic-based food chains include raptors, such as the osprey and bald
eagle.  Smaller birds feeding at lower levels in aquatic food chains also may be exposed to substantial amounts of
mercury due to their high food consumption rate (consumption/kg bw/d) relative to larger birds. 


Although clear causal links have not been established, mercury originating from airborne deposition may
be a contributing factor to population effects on several wading birds, loons,  river otters, mink, and the Florida
panther.  Effects of mercury originating from point sources on restricted wildlife populations have been
conclusively demonstrated and provide a tissue residue basis for evaluation of risk to other populations.  Based
upon reviews of both laboratory and field data, mercury levels that exceed the following values (in �g/g fresh
weight) have been suggested as evidence for possible adverse impacts on avian populations:  feathers - 20 �g/g
(Scheuhammer, 1991); eggs - 2.0 �g/g (after conversion from dry weight) (Scheuhammer, 1991); liver - 5 �g/g
(Zillioux et al., 1993).  Such criteria must be used with caution, however, as residue thresholds both above and
below these values have been reported.  Field data for mammals are not as extensive as those for birds.  Mercury
residues in mink and otter that were thought to have been poisoned by mercury originating from a point source
exceeded those seen in dead laboratory animals by a factor of two or more (see Section 2.3.2.4) (Wren, 1991). 
The reason for this variation is presently unknown.  Additional information is needed before tissue-residue-based
criteria for piscivorous mammals can be developed.  Criterion values for fish and water that are designed to be
protective of piscivorous wildlife are calculated in Section 5 of this Volume.


2.4 Ecosystems Potentially at Risk


The information presented in Sections 2.1 through 2.3 suggests that the ecosystems most at risk from
mercury releases to air exhibit one or more of the following characteristics:


� they are located in areas that experience high levels of  atmospheric deposition;


� they include surface waters already impacted by acid deposition;


� they possess characteristics other than low pH that result in high levels of mercury
bioaccumulation in aquatic biota;
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� they include species that experience high levels of exposure (e.g., piscivorous birds and
mammals).


2.4.1 Highly Exposed Areas


Ecosystems subjected to high levels of mercury deposition (e.g., near sources of mercury emissions or in
areas with high deposition rates) will be more exposed to mercury than ecosystems with lower levels of mercury
deposition.  The pattern of mercury deposition nationwide, therefore, will influence which ecoregions and
ecosystems might be exposed to hazardous levels of mercury.


2.4.2 Lakes and Streams Impacted by Acid Deposition


In many aquatic systems, the tendency for mercury to bioaccumulate in fish is inversely correlated with
pH and alkalinity (or acid neutralizing capacity) (reviewed by Spry and Wiener, 1991).  Thus, fish in acidic lakes
(pH 6.0 to 6.5 or less) often have higher body or tissue burdens of mercury than fish in nearby lakes with higher
pH.  This relationship has been found for a variety of fish species and water bodies, including the following:


� various fish species in 14 lakes and 31 streams in Florida (FDER, 1990);


� yellow perch from lakes in the Upper Michigan peninsula (Grieb et al., 1990);


� yellow perch from seepage lakes in Northern Wisconsin (Cope et al., 1990);


� yellow perch from an experimentally acidified lake in Northern Wisconsin (Wiener et
al., 1990);


� yellow perch from Southern Ontario lakes (Suns and Hitchin, 1990);


� yellow perch from 12 Adirondack lakes (Simonin et al., 1994);


� walleyes from Wisconsin lakes (Lathrop et al., 1991);


� largemouth bass from 53 lakes in Florida (Lange et al., 1993);


� northern pike from 80 Minnesota lakes (Sorensen et al., 1990); and


� smallmouth bass from Ontario lakes (McMurtry et al., 1989).


The increased accumulation of mercury in low pH lakes appears to be due largely to increased microbial
production of methylmercury (Xun et al, 1987; Bloom et al., 1991; Miskimmin et al., 1992), although
biogeochemical processes that release mercury from sediments have also been implicated (Rada et al., 1993). 
The bioavailability of methylmercury is probably also enhanced by decreased levels of calcium, as is typical of
such lakes.  There are, however, exceptions to the general relationship between pH and bioaccumulation of
mercury (Fjeld and Rognerud, 1993), and it has been suggested that clear correlations between pH and mercury
bioaccumulation are likely to occur only when mercury deposits onto seepage lakes (Richardson et al., 1995).
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2.4.3 Dissolved Organic Carbon


DOC appears to be an important determinant of mercury translocation from watersheds to waterbodies
and, in many systems, may be a better predictor of fish mercury residues than pH (McMurtry et al., 1989; Nilsson
and Hakanson, 1992; Fjeld and Rognerud, 1993; Driscoll et al., 1994,1995; Watras et al., 1995b,c).  However,
high concentrations of DOC may also complex methylmercury, diminishing its bioavailability (Driscoll et al.,
1994,1995; Hintelmann et al., 1995).  Methylmercury uptake across the gills of the Sacramento blackfish was
measured directly by Choi et al. (1997).  The addition of moderate amounts of DOC to the exposure water
dramatically reduced this uptake.  DOC has been shown to reduce the bioavailability of neutral organic
compounds to freshwater invertebrates (Landrum et al., 1985).  Studies of this type have not yet been conducted
with mercury. 


2.4.4 Factors in Addition to pH and DOC that Contribute to Increased Bioaccumulation of Mercury in Aquatic
Biota


Numerous factors in addition to pH and DOC can influence the bioaccumulation of mercury in aquatic
biota.  These include the length of the aquatic food chain (Cabana and Rasmussen, 1994; Cabana et al., 1994;
Futter, 1994) and water temperature (Bodaly et al., 1993).  Physical and chemical characteristics of a watershed
affect the amount of mercury that is translocated from soils to water bodies (McMurtry et al., 1989, Johnston et
al., 1991; St. Louis et al., 1994; Joslin, 1994; Hurley et al., 1995).  Interrelationships between these factors are
poorly understood, however, and there is no single factor that has been correlated with mercury bioaccumulation
in all cases examined.  


2.4.5 Sensitive Species


For the purposes of this discussion, sensitive species are defined as those species that are more likely
than others to experience adverse effects due to mercury contamination.  Such species may or may not be
inherently more sensitive on an absorbed dose basis.  Sensitive species also may be at risk because they receive
high methylmercury exposures due to their position in the food chain or because their populations are already
stressed.  In the first category are top-level predators of aquatic-based food webs exposed to high concentrations
of mercury in their prey.  Examples include piscivorous raptors (e.g., bald eagles and ospreys), waterbirds (e.g.,
herons, gulls, kingfishers, and cormorants), and mammals (e.g., mink and otter).  The second category includes
threatened and endangered species, which are species that have already experienced severe population declines
and are at risk of further population declines or extinction (e.g., Florida panther).


2.5 Endpoint Selection


U.S. EPA distinguishes two types of endpoints for ecological risk assessment purposes:  assessment
endpoints and measurement endpoints (see text box).  Assessment endpoints are explicit expressions of the actual
environmental value that is to be protected.  Often, the assessment endpoint cannot be measured directly, so a risk
assessor selects one or more measurement endpoints that can be related, either quantitatively or qualitatively, to
the assessment endpoint (U.S. EPA, 1992a).  In its draft guidance on risk assessment procedures, U.S. EPA
(1996) suggested that the term "measurement endpoint" be replaced by the term "measure of effect."  It was
deemed prudent for this Report, however, to utilize established terminology until the draft guidelines are
finalized.    
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Endpoints for Ecological Risk Assessment


Assessment endpoint - an explicit expression of the
environmental value that is to be protected (U.S. EPA,
1992a).


Measurement endpoint - a measurable ecological
characteristic that is related to the valued characteristic
chosen as the assessment endpoint.  (U.S. EPA, 1992a).


A goal of the problem formulation phase in an
assessment is to select assessment endpoints that are
relevant to decisions to be made.  Factors relevant to the
selection of these endpoints include: (1) ecological
relevance; (2) susceptibility to known or potential
stressors; and (3) representation of management goals
(U.S. EPA, 1992a, 1996).


Table 2-8 provides examples of ecological
assessment and measurement endpoints at various levels
of biological organization.  In current practice, the most tractable endpoints are at the individual or population
level and include mortality, growth, development and reproduction.


Based on the information provided in Sections 2.1 through 2.4, the ecological components that appear to
be most at risk from atmospheric mercury are piscivorous mammals and birds that feed at or near the top of
aquatic food chains.  This is particularly true of threatened or endangered species that already have suffered
population declines due to one or more causes.  An appropriate assessment endpoint, therefore, would be
maintenance of self-sustaining populations of these species.  Appropriate measurement endpoints for exposed
wildlife species would include growth and survival of adults or other life-stages,  reproductive success, and
behavioral impacts.  Alternatively, when such data are difficult to collect, it may be necessary to infer adverse
effects on wildlife from laboratory toxicity studies. 


2.6 Conceptual Model for Mercury Fate and Effects in the Environment


An important product of the problem formulation phase in ecological risk assessment is a conceptual
model of how the stressor may affect ecological components of the natural environment (U.S. EPA, 1992a,1996). 
The conceptual model identifies the ecosystem(s) potentially at risk, exposure pathways between sources and
receptors, and the relationship(s) between measurement and assessment endpoints.  A preliminary analysis of the
ecosystem, stressor characteristics, and ecological effects helps to define possible exposure scenarios (i.e.,
qualitative descriptions of how the stressors co-occur with or contact the various ecological components).


 A conceptual model of the ecological effects of airborne mercury emissions can be visualized using
Figures 2-1 through 2-5.  Mercury is emitted to the atmosphere primarily as the elemental form or as an inorganic
ion.  Inorganic mercury returns to earth in wet deposition due to its relatively high solubility in water and because
it adsorbs to airborne particulates.  Elemental mercury has a long half-life in the atmosphere and tends to stay
aloft but may react with other chemicals to form inorganic mercury species.  Wet deposition containing mercury
falls onto watersheds or directly on water bodies.  Mercury deposited onto watersheds is rapidly bound to organic
matter and tends to accumulate over time.  A portion of this mercury is released, however, and is transported in
runoff and groundwater to receiving waters such as lakes, streams and wetlands.  Biotic and abiotic chemical
reactions transform mercury in water and associated sediments to organic derivatives (primarily methylmercury). 
Organomercurial compounds then accumulate in aquatic food chains due both to their tendency to become
sequestered in tissues and to the efficiency with which they are transferred from one trophic level to another. 
Eventually, mercury in fish is consumed by piscivorous wildlife, with the resulting potential for adverse
toxicological effects.  Uptake 
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Table 2-8
Examples of Assessment and Measurement Endpoints


Level of Organization Assessment Endpoints Measurement Endpoints


Ecoregion Regional production Regional productiona
Biodiversity Habitat area


Landscape aesthetics Other landscape descriptors


Ecosystem


Productive capability Habitat area
Nutrient balance Biomass
Soil balance Productivity


Nutrient export


Community Market/sport value Species diversity


Recreational quality Species number
Change to less useful/desired type Species evenness


Market/sport value
Saprobic index


Population Frequent gross morbidity Fecundity


Extinction Occurrence
Abundance Numbers/density
Yield/production Age structure


Massive mortality Yield/production
Range Frequency of gross morbidity


Mortality rate


Individual Reproduction Fecundity


Survival Longevity
Growth and development Growth and development


Good physical condition Overt symptomology
Biomarkers


Abiotic


Habitat quality Temperature
Water flow
Soil characteristics
Sediment characteristics


 An ecoregion is an area (region) of relative homogeneity in ecological systems (based on elevation, soils, latitude,a


precipitation).


Source:  Adapted from U.S. EPA, 1989.


pathways other than consumption of contaminated prey (e.g., inhalation and drinking of contaminated water) are
considered to be of little consequence for piscivorous birds and mammals.


2.7 Analysis Plan


The final goal of the problem formulation phase of an assessment is to develop a plan for subsequent
analyses of exposure and effect (U.S. EPA, 1996).  In Chapter 3 of this Volume, an attempt is made to
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characterize the exposure of piscivorous avian and mammalian wildlife to airborne mercury and to link these
exposures with information pertaining to specific emissions categories.  A stepwise approach was taken, with
each step representing an increased level of complexity and uncertainty.  Field residue data were used to the
maximum extent possible for characterization of mercury bioaccumulation and biomagnification in fish.  These
data are believed to be better suited for this purpose than laboratory bioconcentration and bioaccumulation data. 
Using a previously derived "national average" mercury concentration in fish, exposures to selected wildlife
species were estimated using published exposure factors.  Air dispersion models were employed in this analysis,
progressing from the use of a long-range transport model to estimate mercury deposition on a regional basis to
the combined use of both local-scale and long-range models.  Mercury deposition estimates on a regional scale
were compared with the distributions of sensitive wildlife species.  Finally, an effort was made to determine
whether wildlife living in close proximity to a mercury emissions source experience particularly high exposures
leading potentially to adverse impacts within relatively small geographical regions.


An effects assessment is conducted in Chapter 4 of this Volume by reviewing pertinent toxicology testing
data, with priority given to long-term dietary exposures with wildlife species.  A review of data on mercury
elimination suggested the need to evaluate species differences in mercury toxicokinetics and the ameliorative
effects of selenium supplementation.  The primary goals of this assessment were:  (1) to estimate toxic dose
levels for piscivorous wildlife and (2) to provide guidance on the rational use of uncertainty factors for
subsequent analyses of risk and the development of protective exposure criteria.         







3-1


3. EXPOSURE OF PISCIVOROUS AVIAN AND MAMMALIAN WILDLIFE TO
AIRBORNE MERCURY


3.1 Objectives and Approach


The objective of this analysis was to characterize the extent to which piscivorous wildlife are       exposed
to mercury originating from airborne emissions. Three general approaches were used, which may be described as
follows.


1. Estimation of current average exposure to piscivorous wildlife on a nationwide basis (Section 3.2).
  
  Estimates of current mercury exposure to selected piscivorous wildlife species were calculated as 
the product of the fish consumption rate and measured mercury concentrations in fish.  This was not intended to
be a site-specific analysis, but was instead intended to provide national exposure estimates for piscivorous
wildlife based on typical mercury concentrations in fish.  This analysis utilized mean total mercury measurements
from two nationwide studies of fish residues and published fish consumption data for the selected wildlife
species.


2. Estimation of mercury deposition on a regional scale (40 km grid) and comparison of these data with
species distribution information (Section 3.3).


A long-range atmospheric transport model (RELMAP) was used in conjunction with a mercury emissions
inventory to generate predictions of mercury deposition across the continental U.S.  This information was then
compared with wildlife species distributions to characterize the potential for co-occurrence of high mercury
deposition rates and the presence of wildlife species of concern.


3. Estimation of mercury deposition on a local scale in areas near emissions point sources (Section 3.4).


A local-scale atmospheric transport model (GAS-ISC3) was used to simulate mercury deposition
originating from four different mercury emissions source classes.  The analysis was conducted for two
hypothetical lakes located in the western and eastern U.S. The proximity of these lakes to the source was varied
to examine the effect of this parameter on model predictions.  To account for the long-range transport of emitted
mercury, the 50th percentile RELMAP atmospheric concentrations and deposition rates were included in the
estimates from the local air dispersion model. To account for other sources of mercury, estimates of background
concentrations of mercury were also included in this exposure assessment.


3.2 Description of Computer Models


The models used for the wildlife exposure assessment are identical to those used for the human exposure
assessment (see Volume IV of this Report) and are described in detail in Volume III of this Report.  Atmospheric
transport models were used to simulate the deposition of mercury at two different geographical scales (see
Table 3-1).  A regional-scale analysis was conducted using the Regional 
Lagrangian Model of Air Pollution (RELMAP).  RELMAP calculates annual mean air concentrations and annual
mean deposition rates for each cell in a 40 km grid.  This analysis covered the 48 contiguous states and was based
upon a recent inventory of mercury emissions sources (see Volume II of this Report).  
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Table 3-1
Models Used to Predict Mercury Air Concentrations,
Deposition Fluxes and Environmental Concentrations


Model Description


RELMAP deposition flux for each 40 km  grid in the U.S. due to all anthropocentric sources of
Predicts average annual atmospheric mercury concentration and wet and dry


2


mercury in the U.S. and a natural background atmospheric mercury concentration.


GAS-ISC3
Predicts average concentration and deposition fluxes within 50 km of emission
source.


IEM-2M
Predicts environmental concentrations based on air concentrations and deposition
rates to watershed and water body.


The local-scale exposure analysis was conducted using both RELMAP and a local air transport model,
GAS-ISC3, to generate hypothetical exposure scenarios for four mercury emission source classes. GAS-ISC3
uses hourly meteorological data to estimate hourly air concentrations and deposition fluxes within 50 km of a
point source.  For each hour, general plume characteristics are estimated based on the source parameters (gas exit
velocity, temperature, stack diameter, stack height, wind speed at stack top, and atmospheric stability conditions)
for that hour. GAS-ISC3 was run using one year of actual meteorological data (1989, the same meteorologic year
as was utilized in the RELMAP modeling).  The average annual predicted values for air concentration and
deposition rates were then used as inputs to the IEM-2M model.  Finally, the IEM-2M model was used to
simulate the result of deposition over a 30 year period, which is the assumed typical lifetime of a facility.  


The IEM-2M model was used to translate both regional and local-scale mercury deposition estimates into
mercury levels in soil, water and biota.  Mercury levels in fish were calculated from average water concentrations
using estimated BAFs for fish occupying trophic levels 3 and 4.  It was assumed throughout the wildlife exposure
analysis that 100% of mercury contained in fish exists as methylmercury.


IEM-2M is composed of two integrated modules that simulate mercury fate using mass balance equations
describing watershed soils and a shallow lake.  IEM-2M simulates three chemical components -- elemental
mercury (Hg ), divalent mercury (Hg ), and methylmercury (MHg).   The mass balances are performed for each0 2+


mercury component, with internal transformation rates linking Hg , Hg , and MHg.  Sources include wetfall and0 2+


dryfall loadings of each component to watershed soils and to the water body.  An additional source is diffusion of
atmospheric Hg  vapor to watershed soils and the water body.  Sinks include leaching of each component from0


watershed soils, burial of each component in lake sediments, volatilization of Hg  and MHg from the soil and0


water column, and advection of each component out of the lake.


At the core of IEM-2M are nine differential equations describing the mass balance of each mercury
component in the surficial soil layer, in the water column, and in the surficial benthic sediments.  The equations
are solved for a specified interval of time, and predicted concentrations output at fixed intervals.  For each
calculational time step, IEM-2M first performs a terrestrial mass balance to obtain mercury concentrations in
watershed soils.  Soil concentrations are used along with vapor concentrations and deposition rates to calculate
concentrations in various food plants.  These are used, in turn, to calculate concentrations in animals. IEM-2M
simultaneously performs an aquatic mass balance driven by direct atmospheric deposition along with runoff and
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erosion loads from watershed soils.  MHg concentrations in fish are derived from dissolved MHg water
concentrations using bioaccumulation factors (BAFs).


Mercury residues in fish were estimated by making the simplifying assumption that aquatic food chains
can be adequately represented using four trophic levels.  Respectively, these trophic levels are the following: 
level 1 - phytoplankton (algal producers); level 2 - zooplankton (primary herbivorous consumers); level 3 - small
forage fish (secondary consumers); and level 4 - larger, piscivorous fish (tertiary consumers).  This type of food
chain typifies the pelagic assemblages found in large freshwater lakes and has been used extensively to model
bioaccumulation of hydrophobic organic compounds (see for example Thomann, 1989; Clark, 1990; and Gobas,
1993).  It is recognized, however, that food chain structure can vary considerably among aquatic systems
resulting in large differences in bioaccumulation in a given species of fish (Futter, 1994; Cabana et al., 1994a,b). 
In addition, this simplified structure ignores several important groupings of organisms, including benthic
detritivores, macroinvertebrates, and herbivorous fishes. The second simplifying assumption utilized in this effort
was that methylmercury concentrations in fish are directly proportional to dissolved methylmercury
concentrations in the water column. It is recognized that this relationship can vary widely among both physically
similar and dissimilar water bodies.


Methylmercury concentrations in fish were derived from predicted water column concentrations of
dissolved methylmercury by using BAFs for trophic levels 3 and 4 (see Table 3-2).  The BAFs selected for these
calculations were estimated from existing field data.  Respectively, these BAFs (dissolved methylmercury basis)
are 6.8 x 10  and 1.6 x 10 .  Methylmercury was estimated to constitute 7.8% of the total dissolved mercury in the6 6


water column.  The technical basis for these estimates is presented in Volume III, Appendix D.


The variability around these predicted fish residue values is highlighted in Table 3-2. Percentile
information for the BAF estimates developed in Appendix D of Volume III are presented. This table
demonstrates the large variability in fish residues that may occur at a given methylmercury water concentration.
This variability is largely due to the variability in field-derived BAF values.


Table 3-2
Percentiles of the Methylmercury Bioaccumulation Factor


Parameter
Percentile of Distribution


5th 25th 50th 75th 95th


Trophic 3 BAF 4.6 x 10 9.5 x 10 1.6 x 10 2.6x10 5.4x105 5 6 6 6


Trophic 4 BAF 3.3x10 5.0x10 6.8x10 9.2x10 1.4x 106 6 6 6 7


3.3 Current Exposure of Piscivorous Wildlife to Mercury


 Four avian species (eagle, common loon, kingfisher and osprey) and two mammalian species (otter and
mink) were assumed to be exposed to methylmercury through the ingestion of contaminated fish.  Fish
consumption is thought to be the dominant mercury exposure pathway for piscivores (see Chapter 2 of this
Volume).  Consequently, an analysis of these ecological receptors' methylmercury contact rate based on the daily
ingestion rate of fish is reasonable and appropriate.
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The piscivorous bird's or mammal's methylmercury contact rate from fish consumption can be estimated
as the product of methylmercury levels in the fish and the daily amount of fish eaten.  The trophic level at which
piscivores feed significantly impacts their exposure to methylmercury.  Those piscivores consuming a diet
primarily consisting of trophic level 3 fish are expected to ingest approximately five times less methylmercury
per gram of fish eaten than those eating trophic level 4 fish from the same site.  Animals consuming a mixture of
trophic level 3 and 4 fish would experience (on a per gram of fish basis) an intermediate level of exposure. 
Finally, many top level predators consume a mixture of both aquatic and terrestrially-derived prey.  In general,
mercury levels in the tissues of terrestrial animals are much lower than those of fish.  A special case exists,
however, when a terrestrial animal (e.g., a raccoon) feeds on aquatic biota and is itself preyed upon by a larger
terrestrial animal (e.g., the Florida panther).  A similar situation exists when a piscivorous bird (e.g., the herring
gull) is consumed by a larger bird (e.g., the bald eagle).  In these situations, the potential exists for the top
predator to obtain a higher mercury dose than it would otherwise receive from a strictly fish-based diet.  The
extent of this increase depends, in turn, upon the proportion of the diet composed of these mammalian and avian
prey items and the extent to which the prey items accumulate mercury in excess of levels found at trophic levels 3
and 4.


Exposure factors for the present analysis were obtained from two recent compilations of wildlife dietary
habits (U.S. EPA, 1993a, 1995a) and are shown in Table 3-3.  Bald eagles were assumed to eat fish derived from
trophic levels 3 and 4, as well as prey derived from other sources.  Expressed as percentages, these prey items
were assumed to contribute 74, 18 and 8% of the daily dietary intake.  For this Report, dietary items other than
fish were assumed to contain no mercury.  Eagles are, therefore, expected to experience a greater methylmercury
exposure per gram of fish consumed than ospreys, loons, and kingfishers, which were assumed to consume only
trophic level 3 fish.  Part of this increase, however, is offset by the contribution of uncontaminated prey
consumed by eagles.  Among the mammals, otters, which were assumed to consume an 80/20 mix of trophic level
3 and 4 fish, are expected to have a greater methylmercury exposure per gram of fish consumed than mink, which
were assumed to eat only trophic level 3 fish.  In addition, 10% of the mink diet was assumed to consist of
uncontaminated prey items.


  Table 3-3
Exposure Parameters for Mink, Otter, Kingfisher, Loon, Osprey, and Eagle


Species (Wt ) (F ) (W ) Wildlife Food
Body Wt. Ingestion Rate Drinking Rate Trophic Level of


A


kg kg/d L/d Source
A A


% Diet at
Each


Trophic
Level


Mink 0.80 0.178 0.081 3 90


Otter 7.40 1.220 0.600 3,4 80,20


Kingfisher 0.15 0.075 0.017 3 100


Loon 4.0 0.8 0.14 3 100


Osprey 1.50 0.300 0.077 3 100


Eagle 4.60 0.500 0.160 3,4 74,18,8
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Table 3-4
Summary of Sample Calculations of


Wildlife Species Methylmercury Exposure
From Fish Ingestion, Based


on Average Fish Residue Values 


Species
Sample Estimated


Methylmercury Exposure from
Fish Ingestion (�g/kg bw/d)


Kingfisher 25


Otter 15


Loon 10


Osprey 10


Mink 10


Eagle 9


The ratio of grams fish consumed per day to piscivore body weight is also significant in estimating
mercury exposure on a µg/kg bw/d basis.  The greater this ratio, the higher the resulting mercury exposure,
assuming that methylmercury concentrations in fish remain constant.  For example, osprey, loons, and kingfishers
each consume trophic level 3 fish only.  Kingfishers consume an amount of fish equivalent to about 50% of their
body weight each day, while osprey and loons consume roughly 20% of their body weights in fish per day.  The
resulting average daily intake of methylmercury in �g/kg body weight will, therefore, be higher in kingfishers. 
Residue data used to calculate national averages for mercury concentration in fish were obtained from two
studies.  The first, entitled "A National Study of Chemical Residues in Fish," was conducted by U.S. EPA
(1992b) and also reported in Bahnick et al. (1994).  The second study, entitled "National Contaminant
Biomonitoring Program: Concentrations of Seven Elements in Freshwater Fish, 1978-1981," was published by
Lowe et al. (1985).  These data are described in Section 2.3.1.2 of this Volume.  Based upon these values,
national average methylmercury concentrations in fish tissue were determined to be 0.052 µg/g and 0.26 µg/g for
fish occupying trophic levels 3 and 4, respectively.  Eagles consume approximately 500 g of food per day (U.S.
EPA, 1993a, 1995a), 74% of which (370 g/d) consists of trophic level 3 fish, and 18% of which (90 g/d) consists
of trophic level 4 fish.  Multiplying these consumption rates by the methylmercury concentrations at trophic
levels 3 and 4 and dividing by the average weight of an adult eagle (4.6 kg) (U.S. EPA, 1993a, 1995a) yields an
average daily exposure of approximately 14 �g methylmercury/kg bw/d.  Similar calculations were made for
other piscivores in this hypothetical exposure scenario allowing comparisons to be made among species (see
Table 3-4).


From a modeling standpoint, methylmercury
levels in trophic level 3 fish and the mercury
concentration in water are irrelevant to a ranking of
predator exposure; only the relationship between the
methylmercury concentrations in trophic levels 3 and 4 is
critical.  As noted previously, fish consumption rate
expressed per gram of body weight has a large effect on
these exposure calculations.  Thus, despite consuming a
comparatively small amount of the trophic level 3 fish, the
kingfisher ranks well above any other birds (or mammals)
in this estimated amount of mercury ingested per kg/bw.


3.4 Regional-Scale Exposure Estimates


There are many stationary, anthropogenic
mercury sources in the U.S., and the impact of these
emissions may not be limited to the local area around the
facility.  To account for impacts of mercury emitted from
these non-local sources, the long-range transport of
mercury was simulated using the RELMAP model.  The
RELMAP model was used to predict the average annual
atmospheric mercury concentration and the wet and dry
deposition flux for each 40 km  grid in the continental2


U.S.  The emission, transport and fate of airborne mercury over the continental U.S. were modeled using
meteorologic data for the year of 1989.  This year was assumed to be a typical year from an atmospheric
dispersion perspective.  Inputs to the RELMAP model were obtained from the mercury emissions inventory
presented as Volume II of this Report.  In all, over 10,000 mercury emitting cells within the U.S. were addressed. 
A detailed description of the RELMAP model is provided in Section 4 of Volume III.
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3.4.1 Predicted Current Mercury Exposure Across the Continental U.S.


In the first stage of analysis, estimated total mercury deposition data were used with ARC/INFO
cartography software to generate U.S. map overlays.  The overlays can be applied to similar scale maps of natural
resources and species distributions or combined with additional data, such as acid deposition or pH of surface
waters.  Figure 3-1 shows RELMAP projections for total (including wet and dry) anthropogenic mercury
deposition.  Nearly all the land area east of the Mississippi River is projected to receive mercury deposition
greater than 5 �g/m .  Highly industrialized northeastern states and south Florida are projected to receive more2


than 20 �g/m .  RELMAP results are projections that may differ quantitatively from actual sampling data for a2


given locale.  It is anticipated, however, that additional sampling data will confirm the prediction that mercury is
deposited in significant quantities over large geographic areas.


Limitations on data precluded a quantitative, nation-wide analysis of the exposure of piscivorous wildlife
to mercury.  Existing data are sufficient, however, to permit a qualitative analysis.  In the case of plant life, the
analysis was limited to plotting the location of federally threatened or endangered species, thereby indicating
where threatened populations coincide with estimated high mercury deposition.


Avian wildlife selected for this analysis included species that are widely distributed (kingfishers) and
narrowly distributed (bald eagles, ospreys, and loons).  All the birds selected were piscivores that feed at or near
the top of aquatic food chains and are therefore at risk from biomagnified mercury.


Two of the mammals selected for this analysis (mink and river otters) are piscivorous and widely
distributed.  The other mammal selected, the Florida panther, is not widely distributed but is listed as an
endangered species.  The Florida panther lives in an environment known to be contaminated with mercury and
preys upon small mammals (e.g., raccoons) that may contain high tissue burdens of mercury.


The maps and map overlays that follow were used to examine in a qualitative fashion the potential for
anthropogenic mercury to impact representative piscivorous species in a variety of ecosystems.  Animal
distribution information was obtained from the Nature Conservancy (1994).


3.4.2 Locations of Socially Valued Environmental Resources


Major freshwater lakes and river systems potentially affected by high levels of atmospheric mercury
deposition are illustrated in Figure 3-2.  Most of the freshwater located in the lower 48 states occurs in areas
where mercury deposition is predicted to be high.  Because mercury accumulates in sediments, it is anticipated
that significant mercury inputs to surface waters will continue for a long period of time even if atmospheric
deposition is substantially reduced.  The Great Lakes are particularly vulnerable due to the length of time
necessary to replenish contaminated freshwater with clean freshwater.


Figure 3-3 shows the location of national resource lands, which include national parks and monuments,
national forests, wildlife refuges and Native American reservation lands.  The area of national resource lands that
are predicted to have high mercury deposition is relatively small when compared with the total area of national
resource lands, most of which are located in the western states.  The small size of eastern resources makes them
especially vulnerable to the effects of mercury because depleted wildlife populations cannot easily be
repopulated from less-impacted adjoining regions.  Increasingly, natural areas 
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may become "islands" surrounded by development.  The loss of biodiversity is an important problem that could
be exacerbated by the added stress of mercury toxicity.


3.4.3 Airborne Deposition Overlay with Threatened and Endangered Plants


Figure 3-4 shows the geographic locations of populations of threatened and endangered plant species
overlaid with RELMAP's predicted mercury deposition.  Large concentrations of endangered plant populations
exposed to high levels of deposition occur in central and southern Florida, along the northeastern coastal region,
and scattered throughout the midwest. 


3.4.4 Regions of High Mercury Deposition


Predicted mercury deposition rates in excess of 5 µg/m2 are shown in Figure 3-5.  These data are used
below to estimate the extent of overlap of wildlife species ranges with regions receiving high levels of mercury
deposition.  It should not be inferred from this analysis that wildlife living in areas that receive relatively low
levels of mercury deposition are not at risk.  For example, much of northern Wisconsin receives only moderate
amounts of mercury, yet the occurrence of high mercury levels in fish is a well-documented problem. 
Nevertheless, it is of interest to define deposition patterns on a broad geographical scale.  These data can then be
interpreted in the context of regional and watershed-specific factors that contribute to mercury translocation,
methylation, and bioaccumulation.   


3.4.5 Regions of High Mercury Deposition Overlay with the Distribution of Acid Surface Waters


Figure 3-6 shows the co-occurrence of acidified surface waters (NAPAP, 1990) and regions receiving
high levels of mercury deposition.  While it is recognized that a variety of factors impact the methylation of
mercury and its subsequent accumulation in aquatic biota (see Chapter 2 of this Volume), mercury residues in
fish have been positively correlated with low pH in ecosystems of widely varying type, including both northern
oligotrophic lakes and the lakes and wetlands of central Florida.  Poorly buffered surface waters receiving high
levels of mercury deposition are located in central Florida, throughout the Chesapeake Bay region, and in the
northeastern U.S., including the Adirondack region of New York.   


3.4.6 Regions of High Mercury Deposition Overlays with Wildlife Species Distribution Maps


Figure 3-7 shows the range of kingfisher habitat and areas where this habitat overlaps with regions of
high mercury deposition.  Kingfishers consume fish primarily from trophic level 3.  Approximately 29% of the
kingfisher's range overlaps with areas of high mercury deposition.  On a nationwide basis, mercury does not
appear to be a threat to the species.  However, as indicated by the exposure assessment in Section 3.3, kingfishers
consume more mercury on a body weight basis than any of the other wildlife species examined.


  Figure 3-8 overlays the range of bald eagle habitat onto regions that receive high levels of mercury
deposition.  Although a recovery in the population of bald eagles in the lower 48 states has resulted in a status
upgrade from "endangered" to "threatened," bald eagle populations are still depleted throughout much of their
historical range.  Bald eagles can be found seasonally in large numbers in several geographic locations, but most
of these individuals are transient, and the overall population is still small.  Historically, eagle populations in the
lower 48 states have been adversely impacted by the effects of bioaccumulative contaminants (primarily DDT
and perhaps also PCBs).  Approximately 34% of the bald eagle's range overlaps with regions of high mercury
deposition.  Areas of particular concern include the Great Lakes region, the northeastern Atlantic states, and
south Florida.  
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Figure 3-9 indicates where the range of osprey coincides with regions of high mercury deposition. 
Nationwide, approximately 20% of the osprey's range overlaps these regions; however, a much larger fraction of
the osprey's eastern population occurs within these regions.  The osprey diet consists almost exclusively of fish. 
Osprey populations underwent severe declines during the 1950s through the 1970s due to widespread use of DDT
and related compounds.


Figure 3-10 depicts areas where the range of the common loon coincides with regions of concern.  Nearly
40% of the loon's range is located in regions of high mercury deposition.  Limited data from a study of a mercury
point source showed that the reproductive success of loons was negatively correlated with exposure to mercury in
a significant dose-response relationship (see Section 2.3.3 of this Volume).  Mercury residues in fish collected
from lakes used as loon breeding areas may, in some cases, exceed levels that, on the basis of the point source
study, are associated with reproductive impairment.  Loons frequently breed in areas that have been adversely
impacted by acid deposition.  An assessment of mercury's effects on loon populations is complicated by the fact
that decreases in surface water pH have been associated with both increased mercury residues in fish and a
decline in the available forage base.      


Figure 3-11 shows the Florida panther's range.  All (100%) of the panther's range falls within an area of
high mercury deposition.  Mercury levels found in tissues obtained from dead panthers are similar to levels that
have been associated with frank toxic in other feline species.  The State of Florida has taken measures to reduce
the risk to panthers posed by mercury.  Existing plans include measures to increase the number of deer available
as prey in order to reduce the reliance of panthers on raccoons.  As indicated previously, raccoons frequently feed
at or near the top of aquatic food webs and can accumulate substantial tissue burdens of mercury.  An evaluation
of the risk posed by mercury to the Florida panther is complicated by the possible impacts of other chemical
stressors, habitat loss and inbreeding.


Figure 3-12 shows where mink habitat coincides with regions of high mercury deposition (approximately
35% nationwide).  Mink occupy a large geographic area and are common throughout this range, although rarely
observed due to their nocturnal habits.  Mink are extremely aggressive carnivores and, given the opportunity, will
prey on small mammals and birds.  Many subpopulations, however, prey almost exclusively on fish and other
aquatic biota.  Due to allometric considerations, the mink may be exposed to more mercury on a body weight
basis than larger piscivorous mammals feeding at higher trophic levels.  In several cases, mercury residues in
wild-caught mink have been shown to be equal to or greater than levels associated with toxic effects in the
laboratory.


Figure 3-13 shows where the range of the river otter coincides with areas of high mercury deposition
(approximately 38% nationwide).  River otters occupy large areas of the United States, but their population
numbers are thought to be declining in both the midwestern and southeastern states.  The river otter's diet is
almost exclusively of aquatic origins and includes fish (primarily), crayfish, amphibians and aquatic insects.  The
consumption of large, piscivorous fish puts the river otter at risk from bioaccumulative contaminants such as
mercury.  Like the mink, mercury residues in some wild-caught otters have been shown to be close to, and in
some cases greater than, concentrations associated with frank toxic effects.


3.5 Modeling Exposures Near Mercury Emissions Sources


In this section, computer models are used to predict exposures of piscivorous wildlife to mercury 
resulting from hypothetical local source emissions.  Modeling assumptions related to the presence of 
“background” mercury as well as mercury transported from other regions of the U.S. are also discussed.  
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3.5.1 Estimates of Background Mercury


In Volume III of this Report, it was noted that mercury is a constituent of the environment and has always
been present on the planet.  Estimates of atmospheric mercury concentrations and deposition rates from periods
pre-dating large-scale anthropogenic emissions (“pre-anthropogenic”), as well as levels due to current sources,
were determined for hypothetical eastern and western sites.  These estimates were used as inputs to the IEM-2M
model.  The IEM-2M model was run until equilibrium was achieved for both the eastern and western sites and for
both the pre-anthropogenic and current time periods. Chemical equilibrium is defined here as “a steady state, in
which opposing chemical reactions occur at equal rates" (Pauling, 1963).  When modeling the pre-anthropogenic
period, the initial conditions of all model compartments, except the atmosphere, were set to a mercury
concentration of 0.  The results of running the pre-anthropogenic conditions to equilibrium in IEM-2M were used
as the initial conditions for estimating the current mercury concentrations.  Table 3-5 lists the estimated mercury
air concentrations and deposition rates used at both hypothetical sites and for both time periods.


Table 3-5
Inputs to IEM-2M Model for the Two Time Periods Modeled 


Time Period


Eastern Site Western Site


Air Concentration Annual Air Concentration Annual
ng/m Deposition Rate ng/m Deposition Rate3


µg/m /yr µg/m /yr2


3


2


Pre- 0.5 3 0.5 1
Anthropogenic


Current 1.6 10 1.6 2


3.5.2 Hypothetical Wildlife Exposure Scenarios


The exposure of piscivorous wildlife to mercury originating from hypothetical point sources was
characterized using the same approach as that used to characterize human exposure to mercury from consumption
of contaminated fish (see Volumes III and IV).  A benefit of this approach is that it facilitates comparisons
between exposure levels to human and wildlife receptors.


Mercury exposure was assessed for piscivorous wildlife hypothetically located at two generic lacustrine
sites: (1) a humid site east of 90 degrees west longitude and (2) a more arid site west of 90 degrees west longitude
(see Volume III for site descriptions). Both sites were assumed to be located in relatively flat terrain. Exposure at
each site was assessed for piscivorous wildlife living around one of three lakes located at 2.5, 10, or 25 km from
the emissions source, as shown in Figure 3-14. The primary physical differences between the two hypothetical
sites as parameterized included the assumed average annual precipitation rate, the assumed erosion
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Figure 3-14
Configuration of Hypothetical Water Body and Watershed Relative to Local Source


characteristics for the watershed, and the amount of dilution flow from the water body.  The eastern site had
generally steeper terrain in the watershed than was assumed for the western site. The drainage lakes were
assumed to be circular with a diameter of 1.78 km and average depth of 5 m, with a 2 cm benthic sediment depth.
The watershed area was 37.3 km . In each case, deposition information was used to estimate mercury2


concentrations in water, averaged over the entire lake. 


3.5.3 Predicted Mercury Exposure Around Emissions Sources


The goal of the local scale analysis was to evaluate the extent to which mercury emissions sources have
the potential to create locally elevated mercury exposures for piscivorous wildlife receptors.  Air concentrations
and deposition rates due to a single local source were predicted using the GAS-ISC3 atmospheric dispersion and
deposition model. For the purposes of this study, hypothetical sources were assumed to contribute mercury in
addition to that simulated by RELMAP.  Details of the local-scale modeling exercise are presented in Volume III
of this Report. Additionally, current background concentrations of mercury in various media were estimated and
used as inputs to the modeling (see Volume III for description).


Model plants (hypothetical anthropogenic mercury emissions sources) representing four source classes
were developed to represent a range of mercury emissions sources.  The source categories were selected for the
indirect exposure analysis based on their estimated annual mercury emissions or their potential to be localized
point sources of concern.  The categories selected were:  municipal waste combustors (MWCs), medical waste
incinerators (MWIs), utility boilers, and chlor-alkali plants.  Table 3-6 shows the process parameters assumed for
each of these facilities. The characteristics of the facilities were derived based on typical rather than extreme
representations; the facilities are known as model plants (see Volume II).
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Table 3-6
Process Parameters for the Model Plants Considered in the Local Impact Analysis


Model Plant Plant Size Capacity Height Diameter  Rate  Percent Velocity Temperature
 (% of year) (ft) (ft) (kg/yr) (Hg /Hg /Hg )  (m/sec) (°F)


Stack Stack Hg Emission Speciation Exit Exit


0 2+
P


Large Municipal Waste 2,250 tons/day 90% 230 9.5 220 60/30/10 21.9 285
Combustors


Small Municipal Waste 200 tons/day 90% 140 5 20 60/30/10 21.9 375
Combustors


Large Commercial HMI 1500 lb/hr capacity 88% 40 2.7 4.58 33/50/17 9.4 175
Waste Incinerator (1000 lb/hr actual)
(Wetscrubber)


Large Hospital HMI 1000 lb/hr capacity 39% 40 2.3 23.9 2/73/25 16 1500
Waste Incinerators (667 lb/hr actual)
(Good Combustion)


Small Hospital HMI 100 lb/hr capacity 27% 40 0.9 1.34 2/73/27 10.4 1500
Waste Incinerators (67 lb/hr actual)
(1/4 sec Combustion)


Large Hospital HMI 1000 lb/hr capacity 39% 40 2.3 0.84 33/50/17 9.0 175
Waste Incinerators (667 lb/hr actual)
(Wet Scrubber)


Small Hospital HMI 100 lb/hr capacity 27% 40 0.9 0.05 33/50/17 175
Waste Incinerators (Wet (67 lb/hr actual)
Scrubber)


5.6


Large Coal-fired Utility 975 Megawatts 65% 732 27 230 50/30/20 31.1 273
Boiler


Medium Coal-fired 375 Megawatts 65% 465 18 90 50/30/20 26.7 275
Utilit y Boiler


Small Coal-fired Utility 100 Megawatts 65% 266 12 10 50/30/20 6.6 295
Boiler


Medium Oil-fired Utility 285 Megawatts 65% 290 14 2 50/30/20 20.7 322
Boiler


Chlor-alkali plant 300 tons 90% 10 0.5 380 70/30/0 0.1 Ambient
chlorine/day


 Hg   =  Elemental Mercurya 0


 Hg   = Divalent Vapor Phase Mercuryb 2+


 Hg    = Particle-Bound Mercuryc
P
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GAS-ISC3 was employed to estimate deposition originating from local point sources (<50 km from the
receptor). The IEM-2M model was then utilized to estimate the fate of mercury in the watershed and water body. 
The estimated concentrations of dissolved methylmercury in the water column were used to predict
methylmercury concentrations in fish that occupy trophic levels 3 and 4.  This was accomplished by multiplying
the predicted methylmercury dissolved water concentration by the BAF at each trophic level.  Wildlife receptors
were assumed to ingest the fish at rates given previously (Table 3-3).


3.5.4 Results of Hypothetical Exposure Scenarios


High rates of mercury deposition were associated with proximity to industrial sources emitting
substantial levels of divalent mercury (see Tables 3-7 and 3-8).  Additional factors that contributed to high local
deposition rates include low stack height and slow stack exit gas velocities.  In general, predicted dissolved
methylmercury concentrations in lake waters located 2.5 km from the source were higher than levels predicted at
10 or 25 km.  This was due primarily to the dilution of the mercury emissions in the atmosphere.  Mercury
concentrations in fish (hence the mercury exposure to piscivores) were proportional to dissolved methylmercury
levels in the local waters. When the two hypothetical locations were compared (western and eastern), higher
mercury concentrations were predicted to occur in the environmental media at the eastern location.  This was due
primarily to higher levels of precipitation at the eastern site, which tends to remove mercury from the
atmosphere. Also, the assumptions of background mercury are higher for the eastern than the western site. On a
per kilogram of body weight per day basis, the species predicted to be most exposed were the kingfisher and the
otter.


3.5.5 Issues Related to Combining Models to Assess Environmental Fate of Mercury and Exposures to
Wildlife


In modeling the environmental fate and subsequent exposure of piscivorous wildlife to mercury emitted
from a number of different sources, many simplif ying assumptions have been made. Each simplif ying assumption
is associated with some degree of uncertainty; the accumulation of these uncertainties results in uncertainty in the
exposure levels predicted by the models. Many of the input parameters to the models may also be quite variable
across time and location.  This variability leads to uncertainty in the modeling results. While no effort is made
here to quantify these variabilities and uncertainties, this section will attempt to describe those deemed most
significant to this element of the assessment. 


There is no consensus approach for developing exposure scenarios for pollutants such as mercury, which
have always been environmental constituents (i.e., how to incorporate background concentrations into
environmental fate modeling). The approach developed for this document is clearly not the only approach that
could have been taken to account for environmental background concentrations; however, each potential
alternative approach evaluated also presented associated uncertainty. If the error in estimate of background
results in an overestimation of concentrations in environmental media from these sources, the presented impacts
of anthropogenic sources will be underestimated, and vice versa.


Combining the outputs of the different environmental fate models, while deemed necessary for this
pollutant, clearly compounds the uncertainty relating to individual model assumptions and input parameter
uncertainties. The chemical properties associated with elemental mercury and divalent mercury  species in the
atmosphere are assumed to be very dissimilar. This necessitates an atmospheric modeling approach that can
account for long range atmospheric transport of anthropogenic emissions as well as local transport from a given
source. The primary impacts of environmental mercury result from bioaccumulation and biomagnification in the
aquatic food chain.  This necessitates the use of a model such as IEM-2M that 
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Table 3-7
Predicted MHg Exposure to Ecological Receptors for Eastern Site (Local + RELMAP 50th Percentile)


MHg Concentration (µg/g) Predicted MHg Exposure from Ingestion of Fish (mg/kg/day)


MHg Dissolved Tier3 Tier4 Background RELMAP ISC Bald Eagle Osprey  Kingfisher  River Otter Mink  Loon
Concentration (ng/L)


Variant b:Large Municipal 2.5 km 1.7E-01 2.7E-01 1.2E+00 38% 7% 54% 4.4E-02 5.4E-02 1.4E-01 7.4E-02 5.4E-02 5.4E-02
Waste Combustor 10 km 1.1E-01 1.8E-01 7.6E-01 58% 11% 31% 2.9E-02 3.6E-02 8.9E-02 4.8E-02 3.6E-02 3.6E-02


25 km 8.9E-02 1.4E-01 6.0E-01 73% 14% 13% 2.3E-02 2.8E-02 7.1E-02 3.9E-02 2.8E-02 2.8E-02


Variant b:Small Municipal 2.5 km 9.5E-02 1.5E-01 6.4E-01 68% 13% 18% 2.5E-02 3.0E-02 7.6E-02 4.1E-02 3.0E-02 3.0E-02
Waste Combustor 10 km 8.2E-02 1.3E-01 5.6E-01 79% 15% 6% 2.2E-02 2.6E-02 6.6E-02 3.6E-02 2.6E-02 2.6E-02


25 km 7.9E-02 1.3E-01 5.3E-01 83% 16% 2% 2.1E-02 2.5E-02 6.3E-02 3.4E-02 2.5E-02 2.5E-02


Large Commercial HMI 2.5 km 9.6E-02 1.5E-01 6.5E-01 68% 13% 19% 2.5E-02 3.1E-02 7.7E-02 4.2E-02 3.1E-02 3.1E-02


10 km 8.0E-02 1.3E-01 5.4E-01 82% 16% 3% 2.1E-02 2.5E-02 6.4E-02 3.5E-02 2.5E-02 2.5E-02


25 km 7.8E-02 1.2E-01 5.3E-01 83% 16% 1% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2.5E-02


Large Hospital HMI 2.5 km 1.9E-01 3.1E-01 1.3E+00 34% 6% 60% 5.0E-02 6.2E-02 1.5E-01 8.4E-02 6.2E-02 6.2E-02


10 km 9.4E-02 1.5E-01 6.4E-01 69% 13% 18% 2.5E-02 3.0E-02 7.5E-02 4.1E-02 3.0E-02 3.0E-02


25 km 8.1E-02 1.3E-01 5.5E-01 80% 15% 5% 2.1E-02 2.6E-02 6.5E-02 3.5E-02 2.6E-02 2.6E-02


Small Hospital HMI 2.5 km 8.5E-02 1.4E-01 5.8E-01 76% 15% 9% 2.2E-02 2.7E-02 6.8E-02 3.7E-02 2.7E-02 2.7E-02


10 km 7.8E-02 1.3E-01 5.3E-01 83% 16% 1% 2.0E-02 2.5E-02 6.3E-02 3.4E-02 2.5E-02 2.5E-02


25 km 7.8E-02 1.2E-01 5.3E-01 84% 16% 0% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2.5E-02


Large Hospital HMI (wet 2.5 km 8.1E-02 1.3E-01 5.5E-01 80% 15% 4% 2.1E-02 2.6E-02 6.5E-02 3.5E-02 2.6E-02 2.6E-02
scrubber) 10 km 7.8E-02 1.2E-01 5.3E-01 84% 16% 1% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2.5E-02


25 km 7.7E-02 1.2E-01 5.3E-01 84% 16% 0% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2.5E-02


Small Hospital HMI (wet 2.5 km 7.8E-02 1.2E-01 5.3E-01 84% 16% 0% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2.5E-02
scrubber) 10 km 7.7E-02 1.2E-01 5.3E-01 84% 16% 0% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2.5E-02


25 km 7.7E-02 1.2E-01 5.3E-01 84% 16% 0% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2.5E-02


Large Coal-fired Utility 2.5 km 1.3E-01 2.1E-01 9.1E-01 48% 9% 42% 3.5E-02 4.3E-02 1.1E-01 5.8E-02 4.3E-02 4.3E-02
Boiler 10 km 8.6E-02 1.4E-01 5.9E-01 75% 14% 10% 2.3E-02 2.8E-02 6.9E-02 3.8E-02 2.8E-02 2.8E-02


25 km 8.0E-02 1.3E-01 5.5E-01 81% 15% 4% 2.1E-02 2.6E-02 6.4E-02 3.5E-02 2.6E-02 2.6E-02


Medium Coal-fired Utility 2.5 km 1.0E-01 1.6E-01 6.9E-01 64% 12% 24% 2.7E-02 3.2E-02 8.1E-02 4.4E-02 3.2E-02 3.2E-02
Boiler 10 km 8.3E-02 1.3E-01 5.6E-01 78% 15% 7% 2.2E-02 2.7E-02 6.6E-02 3.6E-02 2.7E-02 2.7E-02


25 km 8.0E-02 1.3E-01 5.4E-01 81% 16% 3% 2.1E-02 2.6E-02 6.4E-02 3.5E-02 2.6E-02 2.6E-02


Small Coal-fired Utility 2.5 km 8.3E-02 1.3E-01 5.6E-01 79% 15% 6% 2.2E-02 2.6E-02 6.6E-02 3.6E-02 2.6E-02 2.6E-02
Boiler 10 km 7.9E-02 1.3E-01 5.4E-01 82% 16% 2% 2.1E-02 2.5E-02 6.3E-02 3.4E-02 2.5E-02 2.5E-02


25 km 7.8E-02 1.2E-01 5.3E-01 83% 16% 1% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2.5E-02







Table 3-7 (continued)
Predicted MHg Exposure to Ecological Receptors for Eastern Site (Local + RELMAP 50th Percentile)


MHg Concentration (µg/g) Predicted MHg Exposure from Ingestion of Fish (mg/kg/day)


MHg Dissolved Tier3 Tier4 Background RELMAP ISC Bald Eagle Osprey  Kingfisher  River Otter Mink  Loon
Concentration (ng/L)
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Medium Oil-fired Utility 2.5 km 7.8E-02 1.2E-01 5.3E-01 83% 16% 1% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2.5E-02
Boiler 10 km 7.8E-02 1.2E-01 5.3E-01 84% 16% 0% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2.5E-02


25 km 7.7E-02 1.2E-01 5.3E-01 84% 16% 0% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2.5E-02


Chlor-alkali plant 2.5 km 1.0E+00 1.6E+00 6.8E+00 6% 1% 92% 2.6E-01 3.2E-01 8.0E-01 4.4E-01 3.2E-01 3.2E-01


10 km 1.8E-01 2.8E-01 1.2E+00 37% 7% 56% 4.6E-02 5.7E-02 1.4E-01 7.7E-02 5.7E-02 5.7E-02


25 km 1.0E-01 1.6E-01 6.8E-01 65% 12% 23% 2.6E-02 3.2E-02 8.0E-02 4.4E-02 3.2E-02 3.2E-02
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Table 3-8
Predicted MHg Exposure to Ecological Receptors for Western Site (Local + RELMAP 50th percentile)


MHg Concentration (µg/g) Predicted MHg Exposure from Ingestion of Fish (mg/kg/day)


MHg Dissolved Tier3 Tier4 Background RELMAP IS Bald Eagle Osprey   Kingfisher River Otter Mink  Loon
Concentration (ng/L)


Variant b:Large 2.5 km 8.8E-02 1.4E-01 6.0E-01 15% 1% 84% 2.3E-02 2.8E-02 7.1E-02 3.8E-02 2.8E-02 2.8E-02
Municipal Waste
Combustor


10 km 5.5E-02 8.8E-02 3.7E-01 24% 2% 74% 1.4E-02 1.8E-02 4.4E-02 2.4E-02 1.8E-02 1.8E-02


25 km 2.7E-02 4.4E-02 1.9E-01 48% 4% 48% 7.1E-03 8.7E-03 2.2E-02 1.2E-02 8.7E-03 8.7E-03


Variant b:Small 2.5 km 3.3E-02 5.3E-02 2.3E-01 40% 3% 57% 8.7E-03 1.1E-02 2.7E-02 1.5E-02 1.1E-02 1.1E-02
Municipal Waste
Combustor


10 km 1.9E-02 3.1E-02 1.3E-01 68% 6% 26% 5.1E-03 6.2E-03 1.5E-02 8.4E-03 6.2E-03 6.2E-03


25 km 1.6E-02 2.5E-02 1.1E-01 84% 7% 9% 4.1E-03 5.0E-03 1.3E-02 6.8E-03 5.0E-03 5.0E-03


Large Commercial HMI 2.5 km 3.4E-02 5.4E-02 2.3E-01 39% 3% 58% 8.8E-03 1.1E-02 2.7E-02 1.5E-02 1.1E-02 1.1E-02


10 km 1.7E-02 2.7E-02 1.1E-01 80% 7% 14% 4.3E-03 5.3E-03 1.3E-02 7.2E-03 5.3E-03 5.3E-03


25 km 1.5E-02 2.4E-02 1.0E-01 89% 8% 3% 3.9E-03 4.7E-03 1.2E-02 6.4E-03 4.7E-03 4.7E-03


Large Hospital HMI 2.5 km 1.4E-01 2.3E-01 9.6E-01 9% 1% 90% 3.7E-02 4.5E-02 1.1E-01 6.1E-02 4.5E-02 4.5E-02


10 km 3.1E-02 5.0E-02 2.1E-01 42% 4% 54% 8.2E-03 1.0E-02 2.5E-02 1.4E-02 1.0E-02 1.0E-02


25 km 1.8E-02 2.9E-02 1.2E-01 73% 6% 20% 4.7E-03 5.8E-03 1.4E-02 7.8E-03 5.8E-03 5.8E-03


Small Hospital HMI 2.5 km 2.3E-02 3.6E-02 1.5E-01 58% 5% 37% 6.0E-03 7.3E-03 1.8E-02 9.9E-03 7.3E-03 7.3E-03


10 km 1.5E-02 2.4E-02 1.0E-01 87% 7% 6% 4.0E-03 4.9E-03 1.2E-02 6.6E-03 4.9E-03 4.9E-03


25 km 1.4E-02 2.3E-02 9.9E-02 91% 8% 1% 3.8E-03 4.6E-03 1.2E-02 6.3E-03 4.6E-03 4.6E-03


Large Hospital HMI (wet 2.5 km 1.8E-02 2.9E-02 1.2E-01 74% 6% 20% 4.7E-03 5.7E-03 1.4E-02 7.8E-03 5.7E-03 5.7E-03
scrubber) 10 km 1.5E-02 2.4E-02 1.0E-01 90% 8% 3% 3.8E-03 4.7E-03 1.2E-02 6.4E-03 4.7E-03 4.7E-03


25 km 1.4E-02 2.3E-02 9.8E-02 92% 8% 1% 3.8E-03 4.6E-03 1.2E-02 6.3E-03 4.6E-03 4.6E-03


Small Hospital HMI (wet 2.5 km 1.5E-02 2.3E-02 9.9E-02 91% 8% 2% 3.8E-03 4.6E-03 1.2E-02 6.3E-03 4.7E-03 4.6E-03
scrubber) 10 km 1.4E-02 2.3E-02 9.7E-02 92% 8% 0% 3.7E-03 4.6E-03 1.1E-02 6.2E-03 4.6E-03 4.6E-03


25 km 1.4E-02 2.3E-02 9.7E-02 92% 8% 0% 3.7E-03 4.6E-03 1.1E-02 6.2E-03 4.6E-03 4.6E-03


Large Coal-fired Utility 2.5 km 3.1E-02 4.9E-02 2.1E-01 43% 4% 53% 8.0E-03 9.8E-03 2.4E-02 1.3E-02 9.8E-03 9.8E-03
Boiler 10 km 1.9E-02 3.0E-02 1.3E-01 70% 6% 24% 4.9E-03 6.0E-03 1.5E-02 8.2E-03 6.1E-03 6.0E-03


25 km 1.8E-02 2.9E-02 1.2E-01 73% 6% 21% 4.8E-03 5.8E-03 1.5E-02 7.9E-03 5.8E-03 5.8E-03


Medium Coal-fired Utility 2.5 km 2.3E-02 3.6E-02 1.5E-01 58% 5% 37% 5.9E-03 7.3E-03 1.8E-02 9.9E-03 7.3E-03 7.3E-03
Boiler 10 km 2.0E-02 3.2E-02 1.4E-01 66% 6% 28% 5.2E-03 6.4E-03 1.6E-02 8.7E-03 6.4E-03 6.4E-03


25 km 1.8E-02 2.8E-02 1.2E-01 74% 6% 19% 4.6E-03 5.7E-03 1.4E-02 7.7E-03 5.7E-03 5.7E-03


Small Coal-fired Utility 2.5 km 1.9E-02 3.0E-02 1.3E-01 70% 6% 24% 4.9E-03 6.0E-03 1.5E-02 8.2E-03 6.1E-03 6.0E-03
Boiler 10 km 1.6E-02 2.6E-02 1.1E-01 81% 7% 13% 4.3E-03 5.2E-03 1.3E-02 7.1E-03 5.2E-03 5.2E-03


25 km 1.5E-02 2.4E-02 1.0E-01 88% 7% 4% 3.9E-03 4.8E-03 1.2E-02 6.5E-03 4.8E-03 4.8E-03







Table 3-8 (continued)
Predicted MHg Exposure to Ecological Receptors for Western Site (Local + RELMAP 50th percentile)


MHg Concentration (µg/g) Predicted MHg Exposure from Ingestion of Fish (mg/kg/day)


MHg Dissolved Tier3 Tier4 Background RELMAP IS Bald Eagle Osprey   Kingfisher River Otter Mink  Loon
Concentration (ng/L)
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Medium Oil-fired Utility 2.5 km 1.5E-02 2.3E-02 1.0E-01 90% 8% 2% 3.8E-03 4.7E-03 1.2E-02 6.4E-03 4.7E-03 4.7E-03
Boiler 10 km 1.5E-02 2.3E-02 9.9E-02 91% 8% 2% 3.8E-03 4.7E-03 1.2E-02 6.3E-03 4.7E-03 4.7E-03


25 km 1.4E-02 2.3E-02 9.8E-02 92% 8% 1% 3.8E-03 4.6E-03 1.2E-02 6.3E-03 4.6E-03 4.6E-03


Chlor-alkali plant 2.5 km 1.0E+00 1.6E+00 6.9E+00 1% 0% 99% 2.7E-01 3.3E-01 8.1E-01 4.4E-01 3.3E-01 3.3E-01


10 km 1.2E-01 1.9E-01 8.0E-01 11% 1% 88% 3.1E-02 3.8E-02 9.5E-02 5.2E-02 3.8E-02 3.8E-02


25 km 3.7E-02 5.9E-02 2.5E-01 36% 3% 61% 9.7E-03 1.2E-02 3.0E-02 1.6E-02 1.2E-02 1.2E-02
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estimates intercompartmental fluxes and resulting concentrations in abiotic and biotic components of the
watershed and waterbody. Finally, exposure predictions are modeled as simplified daily average estimates.
Seasonal variability among other important exposure factors are not taken into account. Each of these models has
parameter inputs that are variable and uncertain. Collectively, these result in uncertainty in the quantitative
predictions of the models.


The current scientific understanding of the environmental cycling of mercury (regardless of source) is
incomplete.  As described in Volume III, areas of uncertainty include emissions speciation, the atmospheric
chemistry of emitted mercury, canopy interactions, factors that affect the aquatic mercury cycle (including both
the magnitude of effect exhibited by a given factor as well as potential interactions among different factors), and
the metabolism of mercury in different piscivorous species. 
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4. EFFECTS OF MERCURY ON AVIAN AND MAMMALIAN WILDLIFE


     Perhaps better than any other metal, mercury illustrates the point that toxicity depends on the chemical species
in question.  As indicated previously, mercury can exist in an elemental form, as divalent inorganic mercury, or
as any one of several organic forms.  Of the possible organic forms that may be present in natural systems,
methylmercury generally predominates.  Both inorganic and methylmercury can accumulate in aquatic biota. 
However, the proportion of total mercury that exists as the methylated form generally increases with trophic
level, often approaching 100% at trophic levels 3 and 4.  It is appropriate, therefore, to focus attention on the
toxicity of methylmercury to piscivorous avian and mammalian wildlife.  A review of mercury toxicity to
mammalian systems is provided by Goyer (1993).  The toxicity of mercury to birds is reviewed by Scheuhammer
(1987).  It is not our intention to duplicate these efforts.  Instead, a brief summary of methylmercury toxicity to
vertebrate systems is presented, with the goal of providing guidance on selection of appropriate toxicological
endpoints.  This general discussion is followed by brief reviews of several toxicity studies involving avian and
mammalian wildlife species (Sections 4.1 and 4.2).  Information relating mercury residues in tissues to observed
toxic effects is summarized in Section 4.4.  Research on selenium/mercury interactions and the activity of
endogenous demethylating systems is described in Section 4.5.  A single study on the interactive effects of
mercury and PCBs on reproduction in mink is reviewed in Section 4.6, emphasizing the point that wild animals
are often exposed to multiple chemical stressors.


4.1 Mechanism of Toxicity


Methylmercury in the diet is absorbed with high efficiency in the vertebrate digestive tract and associates
rapidly with sulfhydryl-containing molecules in blood, including both free amino acids (primarily cysteine) and
glutathione (Carty and Malone, 1979).  These mobile complexes transport methylmercury to tissues and organs
and may facilitate its movement across cell membranes.  In particular, there is good evidence for saturable
transport of methylmercury-cysteine complexes across both the blood-brain and placental barriers (Kerper et al.,
1992; Kajiwara et al., 1996).  Although it exhibits a range of toxic effects in several target tissues, the primary
effects of methylmercury are on the central nervous system.  Neurotoxicity occurs in both adults and developing
animals.  In the latter case, this effect appears to be linked to a disturbance of microtubule function in dividing
cells, resulting in anti-mitotic activity (Rodier, 1995).  The mode-of-action of methylmercury in the differentiated
nervous system is less well known, but may involve selective effects on astrocytes and other neuroglial cells
(Cranmer et al., 1996).                      


In chronic toxicity evaluations with mammals, including humans, the most sensitive indicator of toxic
effect is cognitive impairment of animals exposed during development (see Volume V of this Report).  In
general, the sophisticated methods employed in such studies have not been used in toxicological evaluations with
wildlife.  Instead, less "subtle" endpoints are generally employed, including reduced hatching success and
diminished mobility.  The work of Heinz with mallard ducklings (Heinz 1976a,b, 1979) represents a notable
exception to this general rule (see Section 4.2).  For wildlife, therefore, it is difficult to establish whether
reproductive or behavioral endpoints are most "sensitive" to methylmercury exposure.  Efforts to distinguish
between these endpoints are complicated further by the fact that reproductive impacts can occur as a result of
direct effects on the developing nervous system, impaired behavior of adults (e.g., unsuccessful matings or
diminished quality of parental caregiving), or a combination of both.
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4.2 Toxicity Tests with Avian Wildlife Species


Most studies of chronic exposure to birds have been conducted using mercury-contaminated grain. 
Fimreite (1970) identified a LOAEL of 1.1 �g/g/d for growth inhibition in leghorn cockerel chicks (Gallus)
based upon 6 �g/g methylmercury dicyandiamide in the feed.  Fimreite (1971) also identified a LOAEL of
0.18 �g/g/d for reproductive effects (reduced survival, reduced egg production, and defective shells) in ring-
necked pheasant (Phasianus colchicus) fed seed treated with methylmercury dicyandiamide.  Scott (1977)
identified a LOAEL of 4.9 �g/g/d for reproductive effects (reduced fertility, reduced egg number, reduced
survival, defective shells) in domestic chickens.


The most comprehensive studies of the effect of mercury on birds were conducted by Heinz (1974, 1975,
1976a,b, 1979).  Heinz assessed the effects of dietary methylmercury dicyandiamide (0, 0.5 and 3.0 �g/g as
elemental mercury) over three generations of mallard ducks.  In the first generation, treatment began in adult
ducks.  Subsequent generations received treatment beginning at nine days of age.  Initially, Heinz (1974)
identified a NOAEL of 0.5�g/g based upon reproductive effects in a 21 week study.  In a later study  (Heinz,
1976a,b), reproduction in first and second generation ducks was evaluated, and the NOAEL for the first
generation was again determined to be 0.5�g/g.  The second generation, however, suffered adverse reproductive
effects including eggs laid outside the nest box (p<0.05), reduced number of ducklings surviving to one week of
age (p<0.05), and reduced growth of ducklings (p<0.05) at the 0.5�g/g dose.  Consequently, the LOAEL was
0.5�g/g for reproductive effects for the second generation; no NOAEL was identified.  A third generation of
mallards also demonstrated adverse reproductive effects at 0.5�g/g mercury in the diet.  Effects observed
included reduced number of viable eggs laid per day (p<0.01) and thinner egg shells (p<0.05).


Heinz (1975, 1979) also examined behavioral effects of mercury exposure on the approach response of
chicks to maternal calls and avoidance of frightening stimuli.  In third generation ducklings there was a reduction
in response rate and speed of response to maternal calls (p<0.01).  When data were pooled from all studies and
subject to analysis of variance (ANOVA) with multiple comparisons, alterations of behavior were observed in the
lowest dose groups in all generations (0.5�g/g).  These alterations included reduction in the number of ducklings
which approached maternal calls (p<0.01) and an increase in the distance traveled to avoid a threatening stimulus
(p<0.05).  In summary, no NOAEL could be determined for behavioral effects, and the NOAEL for reproductive
effects could only be demonstrated for the first generation.


For the determination of an appropriate LOAEL in this Report, it was concluded that effects observed in
second and third generation ducks at 0.5�g/g should not be discounted.  It seems likely that the effects observed
in the second and third generations were a result of the earlier onset of dosing.  For this reason, 0.5�g/g was
selected as a LOAEL for mallard ducks.  Assuming a feeding rate of 156 g/kg bw/d for adult mallards, the
LOAEL is 78 �g Hg/kg bw/d for reproduction and behavior.


4.3 Toxicity Tests with Mammalian Wildlife Species


River otters (Lutra canadensis) fed 2�g/g methylmercury for six months suffered from anorexia and
ataxia (O'Connor and Nielson, 1981).  In mink, 27�g/g of dietary phenylmercuric chloride caused lethality in
40% of the males and 31% of the females within six weeks of exposure (Borst and Lieshout, 1977).


Wobeser et al. (1976a,b) studied the effects of dietary consumption of methylmercury on ranch mink. 
There were two parts to this study, which together formed the basis of Wobeser's dissertation research (Wobeser,
1973).  In the first part (Wobeser et al., 1976a), 25 adult female mink and their litters were divided into three
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groups:  Group I contained five females and 19 kits (control); Group II contained 10 females and 34 kits (50%
fish diet); and Group III contained 10 females and 29 kits (75% fish diet).  The ration was prepared using
mercury-contaminated freshwater drum from Lake Winnipeg, Manitoba; mercury in fish tissue was assumed for
the purposes of the present analysis to consist primarily of methylmercury.  The fish was supplied in a ground,
frozen form and was then mixed with cereal and uncontaminated chow to a desired composition of 50 or 75 kg
fish/100 kg of food.  All mink were fed once daily in slight excess of consumption.  The three exposure groups
were observed for 145 days.  Assuming a food consumption rate of 160 g/kg bw/d (appropriate to captive
animals) (Bleavins and Aulerich, 1981) and an average weight of 0.8 kg for the mink, these treatments
corresponded to dosing levels of approximately 35 and 55 �g Hg/kg bw/d.  One female and 3-6 kits were
euthanized every 15 (treatment) or 30 (control) days.  Complete necropsies were then performed.  No clinical
signs of disease were observed in any of the mink within the experimental period, and no mortality or growth
impairment occurred which could be attributed to the feeding of mercury-contaminated fish.


In a second experiment (Wobeser et al., 1976b), 30 adult female mink were assigned to one of six groups
of five animals each.  The animals were fed chow spiked with methylmercuric chloride at 0.0 (control), 1.1, 1.8,
4.8, 8.3, or 15.0 �g/g (by analysis), corresponding to dosing levels of 180, 290, 770, 1330, and 2400 �g/kg bw/d. 
Two mink from each group were allowed to die of intoxication or were euthanized after 93 days (the end of the
experiment).  Animals were necropsied and the tissues analyzed for mercury content.  All animals in the control
group remained clinically normal, and the only clinical sign in the 1.1 �g/g dose group was a slight tendency for
two of the animals to move more slowly than the others during the last few days of the experiment.  Anorexia,
posterior ataxia, and lateral recumbency were observed in the other four dose groups.  Death occurred within
26-36 days at 4.8 �g/g and within 19-26 days at 8.3 �g/g.  Histopathological abnormalities were seen at 1.1 �g/g,
including pale, yellow livers, lesions in the central nervous system, and axonal degeneration.


Based upon a review of the Wobeser studies (Wobeser, 1973; Wobeser et al., 1976a,b), it can be
concluded that the LOAEL for subchronic exposure of mink to methylmercury is 180 �g/kg bw/d (1.1 �g/g dose
group), using nerve tissue lesions as an effects endpoint.  The NOAEL derived from these studies is 55 �g/kg
bw/d.  Importantly, it was Wobeser's opinion that had the studies been carried out for a longer duration, nervous
tissue damage observed in the 1.1 �g/g dose group would have become manifested as impaired motor function.


Charbonneau et al. (1974) fed random-bred domestic cats (Felis domesticus) 3, 8.4, 20, 46, 74 or 176
�g/kg/d of mercury, either as methylmercuric chloride in food or as methylmercury-contaminated fish, 7 d/week
for 2 years.  Clinical examinations of the animals were conducted periodically.  Neurological examinations, using
a modification of the method of McGrath (1960), were conducted prior to the test, monthly throughout the test,
and more frequently as clinical signs of methylmercury toxicosis became apparent.  Neurological impairment,
including hindrance of the hopping reaction and hypalgesia, was observed in animals exposed to 46, 74, or 176
�g/kg/d, regardless of whether casts were fed contaminated fish or spiked food.  No treatment-related effects
were observed in three lower dosage groups.  Overt signs of toxicity, including ataxia, loss of balance, and motor
incoordination, were observed in animals fed 74 or 176 �g/kg/d.  These findings suggest that 20 �g/kg/d is the
NOAEL and 46 �g/kg/d is the LOAEL for chronic dietary exposure to methylmercury in domestic cats. 
Charbonneau et al. (1974) also concluded that there was no difference in toxicity or bioavailability between
naturally contaminated fish and fish spiked with methylmercuric chloride.
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4.4 Tissue Mercury Residues Corresponding to Adverse Effects


Mercury residues associated with toxic effects in birds are reviewed by Scheuhammer (1987).  Adult
pheasants fed a methylmercury-spiked diet for 12 weeks accumulated liver residues of 2 µg/g but exhibited no
discernable adverse effects.  However, there was a decrease in hatchability of fertilized eggs due to embryonic
mortality and an increase in the number of unfertilized eggs.  Unhatched eggs contained 0.5 to 1.5 µg/g as
mercury.  In a multigenerational study, hen mallards fed methylmercury in the diet accumulated liver residues of
approximately 1.5 µg/g without apparent adverse effect (Heinz, 1979).  Ducklings born to these hens exhibited
behavioral effects including reduced response to maternal calls and hyper-responsiveness to a frightening stimuli. 
Mercury residues in the eggs from which these ducklings hatched were approximately 0.8 µg/g.  Kidney residues
considerably higher (>20 µg/g) than those just reviewed were measured at death in mercury-dosed birds of
several species (Finley et al., 1979).  


 Wobeser et al. (1976b) reported that mercury residues in the liver and kidney of mink that died during a
93-day feeding study were 24.3 and 23.1 �g/g, respectively. Somewhat higher values were reported in toxicity
studies with mink (55.6 and 37.7 �g/g) by Aulerich et al. (1974) and with otter (39.0 and 33.0 �g/g) by O'Connor
and Nielson (1980).  Interestingly, mercury residues in tissues from wild animals that are suspected to have died
from mercury poisoning are about twice those of animals that died from experimental intoxication (Wren, 1985,
1991).  Such discrepancies may be due to kinetic-based differences among exposed animals (see Section 2.3.1.3
of this Volume).  Perhaps the most valid comparison that can be made at this time is that between apparently
unaffected wild animals and wild animals that have died from mercury poisoning.


4.5 Factors Relevant to the Interpretation and Use of Mercury Toxicity Data


Although several excellent studies of methylmercury toxicity to selected wildlife species have been
carried out, the available data are, in general, quite limited, and the extent to which these results can be
extrapolated from the laboratory to the field and from one species to another remains in question.  Two related
issues that may contribute substantially to this uncertainty are singled out for special attention.  These are hepatic
demethylation as a mechanism for detoxification of methylmercury and the ameliorative effects of dietary
selenium. 


The protective effect of selenium against methylmercury toxicity to birds has been known for over
twenty-five years (Ganther et al., 1972).  Koeman et al. (1973) found that mercury and selenium occur in a 1:1
molar ratio in the livers of several marine mammal species.  Previously, it had been shown that much of the
mercury in the livers in marine mammals existed in an inorganic form.  It is now known that these observations
are related.  Although efforts to elucidate the exact mechanism continue, selenium has been shown to bind
mercury after hepatic demethylation of methylmercury.  The compounds formed in this manner probably include
both mercury-selenoproteins and HgSe (Palmisano et al., 1995; Cavalli and Cardellicchio, 1995).     


Thus, it appears that many vertebrate species possess a capability to detoxify and sequester mercury
originating as methylmercury in the diet.  Moreover, the extent to which this capability is developed appears to
be related to an animal's feeding habits and is most highly developed in fish-eating marine mammals and the
carnivorous polar bear (Dietz et al., 1990).  Correlations between selenium and mercury have also been reported
for several seabirds, although the Se/Hg ratio may be higher than 1:1 (Elliott et al., 1992).  The capacity of this
system to detoxify methylmercury is largely unknown.  Variable detoxification among individuals of a single
species (pilot whales) has been demonstrated; lactating females demonstrated a significantly diminished
detoxifying capability (Caurant et al., 1996).
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The demethylating capabilities of birds and mammals that inhabit terrestrial and freshwater ecosystems
are less well known.  Methylmercury constituted 46% of total mercury in the livers of mink fed a diet of
methylmercury-contaminated fish (Jernelöv et al., 1976).  There was no obvious relationship between levels of
liver mercury and selenium.  Similar values were reported by Wren et al. (1986) for mink (53%) and otter (34%). 
Barr (1986) found that methylmercury comprised 4-27% of total mercury in livers from loons taken from
mercury-contaminated waters in northwestern Ontario.  Selenium concentrations were not measured. 
Interestingly, the percentage of methylmercury did not vary with the gradient of site contamination, as might be
expected if the demethylating system was saturated at particularly high exposure levels.  A positive correlation
between liver mercury and selenium was reported in the goldeneye, but no attempt was made to identify mercury
species (Eriksson et al., 1989).  Although limited to a single study, evidence suggests that demethylation of
methylmercury also occurs in some birds of prey (Norheim and Forslic, 1978).


Additional evidence that this detoxifying pathway is related to animal feeding habits is provided by
Fimreite (1974).  Among adult ducks, fish-eating mergansers exhibited the lowest levels of methylmercury as a
percent of total (12% in the liver).  Methylmercury constituted 32%, 38% and 52% of total mercury in the livers
of goldeneyes, mallards and pintails.  Moreover, this detoxifying ability appears to develop early in life. 
Methylmercury levels as a percent of total in livers taken from ducklings were 27%, 49%, 53% and 58% in the
merganser, mallard, goldeneye and pintail.  Methylmercury levels in breast muscle from all four species as a
percent of total were essentially identical, averaging about 60%.         


The protective effect of selenium against mercury toxicosis may vary with lifestage and the chemical
form of selenium.  Selenium as selenomethionine (10�g/g) protected adult male mallards against the toxic effects
of methylmercury (10�g/g) in the diet.  However, a combination of these treatments in hen mallards resulted in
adverse reproductive effects greater than those seen with mercury or selenium alone.  These effects included
reduced hatching success and survival of ducklings, including an increase in teratogenic impacts (Heinz and
Hoffman, 1996).  Methylmercury in the diet greatly increased selenium storage in tissues.  The livers of male
mallards fed only selenium contained 9.6�g/g selenium, whereas in mallards fed both selenium and
methylmercury, the livers contained an average of 114�g/g selenium.  This observation is important because high
concentrations of selenium are known to produce teratogenic effects in wild birds (Ohlendorf et al., 1986).  The
ecological significance of these findings  remains to be determined.  Data summarized above suggest that, among
duck species, mallards possess less capability to detoxify methylmercury than piscivorous mergansers and
goldeneyes.  In addition, the levels of mercury and selenium employed in this study are well above those known
to cause toxic effects when applied separately.


To summarize, many, if not most, birds and mammals possess a capability to detoxify methylmercury,
and the activity of this system appears to be related to an animal's feeding habits.  This conclusion is significant
for at least two reasons: (1) the toxicity of methylmercury to birds and mammals may be highly dependent upon
the availability of dietary selenium and (2) most toxicity tests with birds conducted to date have been carried out
using non-piscivorous species that may not possess a well-developed demethylating capability.             
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4.6 Combined Effects of Mercury and Other Chemical Stressors


In most aquatic systems mercury is but one of many potential chemical stressors.  Using current
assessment methods, there is a general tendency to evaluate the toxic potential of compounds applied
individually.  A notable exception is the use of toxic equivalency factors (TEQs) to predict the combined impact
of compounds that act through an Ah receptor-mediated mode of action (PCBs, dioxins).  Applying this approach
to a mixture of mercury and PCBs would be difficult, however, due to differences in chemical modes of action.


It is of interest, therefore, to note that the effects of PCBs and methylmercury, singly and in combination,
have been evaluated in mink (Wren et al., 1987a,b).  Growth and survival of kits were reduced by a combined
exposure to PCBs (Arochlor® 1254) and methylmercury at concentrations that individually produced no
response.  The authors of these studies described this outcome as a "synergistic effect."  Given the limited
number of dose levels (0.0, 0.5 and 1.0 µg/g), however, it would be difficult to rule out an additive response. 
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5. ASSESSMENT OF THE RISK POSED BY AIRBORNE MERCURY EMISSIONS
TO PISCIVOROUS AVIAN AND MAMMALIAN WILDLIFE


5.1 Scope of the Assessment


As described in Chapter 2 of this Volume, mercury bioconcentrates, bioaccumulates and biomagnifies in
aquatic food chains.  These processes result in mercury residues in fish that are much higher than concentrations
in the water in which they live, thereby providing an enriched contaminant source for piscivorous avian and
mammalian wildlife.  Existing data permit a general treatment of mercury exposure and effects on such
populations.  A more accurate assessment of the risk posed by mercury to a specific group of animals occupying
a given location requires the collection of necessary supporting information such as food habits, migratory
behavior, breeding biology, and mercury residues in preferred
prey items.


A general summary of ecological risk assessment methods is provided by U.S. EPA (1996) in its
Proposed Guidelines for Ecological Risk Assessment.  The data needs of these methods vary widely and dictate
to a considerable degree which methods can be applied to a given situation.  Guidance is provided in Section 5.2
on the risk assessment methods that may be most applicable to airborne mercury emissions, given the nature and
extent of currently existing  information.  Additional guidance is provided in Section 5.3 based on a review of
published assessments for piscivorous species living in the Great Lakes region, south Florida, central Ontario,
and coastal regions of Georgia, South Carolina and North Carolina.


The scope of the present Report was intended to be national in scale.  It was determined, therefore, that
any effort to assess the risk of mercury to a given species living in a defined location would be inappropriate. 
Instead, an effort was made to compare mercury exposure and effects in a general way using data collected from
throughout the country and in so doing to develop qualitative statements about risk.  


Consistent with this broader-scale approach, an effort is made in Section 5.4 to derive a wildlife criterion
level (WC) for mercury that is protective of piscivorous wildlife.  This WC is defined as the concentration of
mercury in water that, if not exceeded, protects avian and mammalian wildlife populations from adverse effects
resulting from ingestion of surface waters and from ingestion of aquatic life taken from these surface waters.  The
health of wildlife populations may, therefore, be considered the assessment endpoint of concern.  Although not
generally derived for the purpose of ecological risk assessment, WC values incorporate the same type of exposure
and effects  information used in more standard approaches.  Such calculations also provide for a simple
assessment of risk in any given situation, i.e., by determining whether the concentration of mercury in water
exceeds the criterion value. 


Calculation of a WC for mercury is based upon the use of a wildlife reference dose approach, combined
with knowledge of the extent to which mercury becomes concentrated in aquatic food chains.  The methods used
to calculate this criterion value are based on those described in the Proposed Great Lakes Water Quality
Guidance for the Great Lakes Water Quality Initiative (U.S. EPA, 1993c) and implemented in the final Water
Quality Guidance for the Great Lakes System (U.S. EPA, 1995b), henceforth referred to as the "Proposed
Guidance" and "Final Guidance," respectively.  When originally implemented in support of the Great Lakes
Water Quality Initiative (GLWQI), this approach yielded a single measurement endpoint, which was the total
mercury concentration in water that was believed to be protective of piscivorous wildlife.  In the present
assessment, an effort is made to update the WC for mercury by calculating its value using data for
methylmercury.  It should be noted that a methylmercury-based WC can still be related to total mercury residues
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in fish or water through the use of appropriate conversion factors.  By convention, mercury concentrations in
environmental media (and in dosing solutions) are usually expressed as �g/g of elemental mercury, regardless of
the identity of the mercury species.  This convention is retained throughout the present analysis.   


Methylmercury BAFs for trophic levels 3 and 4 (forage fish and larger, piscivorous fish, respectively) are
estimated in Appendix D of Volume III.  This information is summarized in Section 5.4.2 of the present Volume. 
It is recognized that there is considerable natural variability with respect to the accumulation of mercury in
aquatic food chains, which contributes in turn to variability in trophic relationships and BAFs.  In addition, there
is a lack of understanding of fundamental processes that contribute to methylation of mercury and subsequent
bioaccumulation in aquatic organisms.  Additional uncertainty derives from ongoing improvements in sampling
technique and analytical methodology.  A review of uncertainties associated with the derivation of WC values is
provided in Section 5.4.11.  In general, the same uncertainties apply to any risk assessment effort for mercury in
wildlife.


Tempering these uncertainties is a large and growing volume of both laboratory and field data for
mercury.  From the perspective of WC development, field data are of particular interest.  The  GLWQI stipulates
that when sufficient field data are available, field-derived BAFs should take precedence over values estimated
from laboratory studies or by employing empirical relationships (e.g., correlation with chemical hydrophobicity). 
The focus of the BAF analysis in this Volume is on incorporating recent field data into the revised GLWQI
approach. The results of this effort are summarized in Section 5.4.2.3.


5.2 Summary of Relevant Risk Assessment Methodologies


Perhaps the most comprehensive type of risk assessment that can be attempted is a comparison of
statistical distributions of exposure and effects information.  In essence, risk is determined from the degree of
overlap of these distributions.  Linearization of the effects and exposure distributions simplifies such
comparisons.  This is generally accomplished by log transformation of the cumulative exposure and effects
distributions (U.S. EPA, 1996; SETAC, 1994).  A particularly good example of such an assessment is provided
by Solomon et al. (1996) for atrazine in aquatic systems.


The data requirements of such an approach are extensive.  Moreover, it is critically important that effects
information be collected under conditions that are comparable to the exposure data.  For this reason, the approach
is most easily applied in circumstances where the effects are expressed after a relatively short period of exposure
and the compound of interest does not bioaccumulate.  Both of these criteria are satisfied for a compound like
atrazine.


Mercury presents a far greater challenge by virtue of the fact that it bioaccumulates for extended periods
of time and because toxic effects occur only after sufficient body residues are attained.  Moreover, the limited
data collected to date permit the characterization of a dose-response curve for only three or four wildlife species.


A more feasible approach to assessing chemical risk to wildlife species involves the comparison of a
point estimate of effect with a statistical distribution of exposure (U.S. EPA, 1996).  The data needs of this
approach include one or a few toxicity studies from which an appropriate toxicity endpoint can be determined
and sufficient exposure data to define the distribution.  In the simplest application of this approach for a
compound such as mercury (for which the diet is the primary route of uptake), exposure would be expressed as a
residue concentration in prey.  Risk would then be characterized as the probability that exposure (prey
concentration) would exceed a given effect level.  Alternatively, exposure can be characterized as a contact rate
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(mass of compound consumed/kg bw/d).  Although more data intensive, this latter approach is preferred because
it better reflects the long-term nature of the exposure.


An even simpler approach to wildlife risk assessment expresses risk as the ratio of exposure and effects
point estimates.  Often referred to as the “hazard quotient” method, this approach is by far the most commonly
used of all current techniques.  It may also be the most intuitive, since risk is inferred by the simple fact of a ratio
approaching or exceeding 1.0.  The disadvantage of this approach is that is does not permit a probabilistic
assessment of risk.  Moreover, because this approach is generally used when more detailed data are lacking, risk
assessors often adjust the effect level downward using one or more “safety factors.”


In the following Section, several published efforts to assess the risk of mercury to wildlife are reviewed. 
These efforts illustrate the point that while information needed to perform such assessments are extremely
limited, effects information are in general more limited than exposure data. 


5.3 Review of Published Efforts to Estimate the Risk of Mercury to Wildlife


5.3.1 Risk of Mercury to Bald Eagles in the Great Lakes Region


Bowerman et al. (1994) compared feather mercury data with measures of reproductive performance to
evaluate the risk of mercury to bald eagles in the Great Lakes Region.  Although  no attempt was made to develop
a quantitative estimate of risk, it was determined that there was no association between mercury residues in
feathers and either productivity or nesting success.  On this basis, it was concluded that mercury was not
affecting bald eagle reproduction.  A conclusion of this type may be characterized as a qualitative statement of
risk.             


5.3.2 Risk of Mercury to Bald Eagles in Michigan


Giesy et al. (1995) used a hazard quotient approach to characterize the risk to bald eagles posed by
mercury and several organic compounds at locations above and below dams on three Michigan rivers.  An
exposure point estimate for mercury was calculated from measured concentrations in fish and an egg:fish
biomagnification factor (set equal to 1.0).  Hazard quotients ranging from 0.15 to 0.98 were calculated for
mercury at study sites on the three rivers.  The highest quotients were calculated for sites above the dams due to
the presence of higher mercury levels in fish.  The authors concluded that mercury does not pose a significant
threat to eagles living in this region.  This conclusion was based upon the opinion that the NOAEC level used in
the analysis (0.5 µg mercury/g egg) was conservative, as well as the suggestion that eagles consume only small
quantities of the most contaminated fish species (yellow perch and walleye) living in these rivers.  Hazard
quotients for PCBs and TCDD (equivalents) were much greater than 1.0 (ranging from 7.6 to 76) at all sites
downstream from the dams.


5.3.3 Risk of Mercury to Loons in Central Ontario


Scheuhammer and Blancher (1994) assessed the risk of mercury to loons by comparing residues in fish
collected from central Ontario lakes with a threshold value for reproductive impairment.  A strength of this
assessment is that the toxic effects point estimate was also determined in a study of wild loons (Barr, 1986).  The
fish selected for this analysis were of a size appropriate to predation by loons.  Care was also taken to survey
lakes of the type preferred by breeding loons.  Among the lakes surveyed, up to 30% contained fish which
exceeded the toxicity threshold, depending upon the species of fish chosen.     
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5.3.4 Risk of Mercury to Mink in Georgia, North Carolina, and South Carolina


Osowski et al. (1995) assessed the risk of mercury, PCBs and several chlorinated organic pesticides to
mink in the coastal regions of southeastern U.S.  The risk associated with mercury was determined by comparing
residue levels in kidney tissue with levels that had been associated previously with toxic effects.  Unfortunately,
the threshold effect level (tissue residue) was not given.  It is difficult, therefore, to critically evaluate the
author’s conclusion that residues “were in the range of those known to cause impacts to reproduction, growth,
and behavior in wild mink.”


5.3.5 Risk of Mercury to Mink in Michigan


A second assessment for mink was conducted by Giesy et al. (1994) for animals living on three rivers in
lower Michigan.  In this assessment, an effort was made to calculate a hazard quotient using published toxicity
data for mink (Wobeser, 1976a,b) and measured residues in fish collected from the study sites.  Interestingly,
hazard quotients greater than 1.0 were calculated at all three sites (range of 1.2-6.6).  However, the significance
of this finding was minimized because hazard quotients calculated for PCBs and TCDD-like compounds tended
to be higher.  In this regard, it is of interest to note previous studies in which mercury and PCBs appeared to act
“synergistically” in toxicity studies with mink (see Section 4.6 of this volume).


5.3.6 Risk of Mercury to Great Egrets in south Florida


Sundlof et al. (1994) reported on another researcher’s use of the hazard quotient method to assess the risk
of mercury to great egrets in south Florida.  The actual assessment was conducted as part of a Masters degree
research program (Jurczyk, 1993).  For this assessment, a published LOAEL for reproductive effects in loons
(Scheuhammer, 1991) was compared to a methylmercury consumption rate calculated using measured residues in
local fish and shellfish.  Based upon this analysis, it was concluded that great egrets were consuming 3.9 times
the LOAEL, thus placing the population at risk.        


5.4 Calculation of a Criterion Value for Protection of Piscivorous Wildlife


5.4.1 Procedure Used to Develop Criterion Values for Wildlife in the Water Quality Guidance for the Great
Lakes System


The WC for mercury is defined as the concentration of total mercury in surface water that, if not
exceeded, protects both avian and mammalian wildlife that use the water as a drinking or foraging source.  Thus,
the WC is the highest aqueous concentration of mercury that causes no significant reduction in growth,
reproduction, viability or usefulness (in a commercial or recreational sense) of a population of animals exposed
over multiple generations.  For the purpose of this analysis, the term "aqueous concentration" refers to the
concentration of methylmercury in filtered water, including both the freely dissolved form and methylmercury
that is associated with dissolved organic material.


The equation used in this analysis to calculate a WC for mercury is identical to that described in the
Proposed Guidance (U.S. EPA, 1993c) and implemented in the final Water Quality Guidance for the Great Lakes
System (U.S. EPA, 1995b):







WC �


(TD x [1/UF]) x WtA
WA � [(FD3)(FA x BAF3) � (FD4)(FA x BAF4)]
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where


WC = wildlife criterion value (pg/L; after converting from �g/L)  


Wt = average species weight (g)A


W = average daily volume of water consumed (L/d)A


F = average daily amount of food consumed (g/d)A


FD = fraction of the diet derived from trophic level 33


FD = fraction of the diet derived from trophic level 44


BAF = aquatic life bioaccumulation factor for trophic level 3 (L/g; methylmercury3


concentration in fish/methylmercury in water)


BAF = aquatic life bioaccumulation factor for trophic level 4 (L/g; methylmercury4


concentration in fish/methylmercury in water)


TD = tested dose (�g/g bw/d)


UF = uncertainty factor


A similar equation was first used by the State of Wisconsin to set Wild and Domestic Animal Criteria
(State of Wisconsin, 1989).  The entire approach, including both the equation and data requirements for its
parameterization, was later modified by U.S. EPA for incorporation into the Proposed Guidance (U.S. EPA,
1993c) and Final Guidance (U.S. EPA, 1995b).  The method, in its current form, was reviewed in 1992 at a
workshop entitled “The National Wildlife Criteria Methodologies Meeting,” which was sponsored by U.S. EPA
(U.S. EPA, 1994).  Subsequently, the method was used to develop interim Tier I WC for four compounds (PCBs,
DDT, dieldrin, and mercury) in the Great Lakes Basin (U.S. EPA, 1993b).  These criteria have received public
comment.  The method has been reviewed by EPA’s Science Advisory Board on two occasions, most recently in
June of 1994.  Detailed descriptions of the method, including comparisons with other proposed methods for
setting wildlife criterion values, are given elsewhere (U.S. EPA 1993c, 1994).


An examination of the GLWQI equation reveals both a hazard and an exposure component.  The
equation includes a term TD for “tested dose.”  In this Report, data were reviewed to determine an appropriate
NOAEL, which was used for the TD.  In the absence of a NOAEL, a LOAEL was used with the addition of an
appropriate factor (UF ) to indicate uncertainty around the toxic threshold.  An uncertainty factor (UF ) also mayL A


be used to provide a margin of safety when applying data from a species other than the species of concern.  A
third uncertainty factor (UF ) may be used to extrapolate from subchronic to chronic exposures.  AdditionalS


adjustments may be warranted by toxicokinetic or toxicodynamic considerations.  Collectively, the application of
the UF to the TD results in the estimation of a "reference dose" (RfD) for subsequent calculation of the WC.


The WC for mercury derived in support of the GLWQI was expressed as the total mercury concentration
in filtered water.  Although it was recognized at the time that methylmercury is the form of mercury that
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bioaccumulates in fish, few laboratories possessed the analytical capability to speciate mercury in water from
natural sources.


A WC for mercury was calculated in the Proposed Guidance using fixed values for all parameters in the
equation.  Species-specific WC values (WC ) were calculated for each of the wildlife species of concern (eagle,s


herring gull, kingfisher, mink, otter).  Intermediate WC values (WC ) were then obtained for avian andi


mammalian wildlife by calculating the geometric mean of values for contributing species.  The final WC (WC )f


was set equal to the lowest of the two resulting intermediate values and, for mercury, was driven by the
calculations for avian species.


The WC  for mercury derived in the Proposed Guidance is 1300 pg/L.  A comparison of the GLWQIf


criteria for birds and mammals with those derived in this Report is presented in Section 5.4.8 of this Volume.


For the present analysis, a decision was made to consider all but one of the wildlife species considered in
the Proposed Guidance.  Herring gulls, which are indigenous to the Great Lakes region, are not evaluated in this
Report.  The herring gull was replaced in the present analysis by the common loon (Gavia immer).  The other
avian wildlife for which WC values are calculated are the bald eagle (Haliaeetus leucocephalus), osprey
(Pandion haliaetus) and belted kingfisher (Ceryle alcyon).  The mammalian wildlife for which WC are calculated
are the mink (Mustela vison) and river otter (Lutra canadensis).  Each of these species was originally selected
after consideration of the following:  (1) their exposure to bioaccumulative contaminants; (2) their relevance to
Great Lakes ecosystems; (3) the availability of information with which to calculate criterion values; and (4) the
evidence for accumulation and/or adverse effects.


Several other wildlife species would satisfy most or all of the selection criteria presented in the GLWQI. 
Notable examples include the double-crested cormorant (Phalacrocorax auritus), Forster's tern (Sterna forsteri),
wood stork (Mycteria americana), raccoon (Procyon lotor), snapping turtle (Chelydra serpentina), and American
alligator (Alligator mississippiensis).  Exposure factors for a large number of wildlife species are available in a
recently published handbook (U.S. EPA, 1993a).  A critical evaluation of these data as they pertain to the
development of WC is also available (U.S. EPA, 1995a).  Allometric equations may also be used to calculate
both feeding and drinking requirements (see for example Calder and Braun, 1983; Nagy, 1987).  In time, the
inclusion of other species, including both amphibians and reptiles, may be appropriate, particularly if an effort is
made to calculate WC on a regional basis or if the species used in the present analysis are not representative of
the ecosystem of concern.  The present analysis is intended, however, to be national in scope.  Each of the species
selected for this analysis is distributed over large portions of the country (see species distributions in Section 3.3
of this Volume), and in these locations each species is closely tied to water resources via aquatic food chains.


Finally, this analysis differs from that of the GLWQI insofar as WC values are calculated on a
“dissolved” (freely dissolved and associated with DOC) methylmercury basis.  A review of literature collected
over the last several years suggests that there is now sufficient information available to estimate BAFs for
mercury on a methylmercury basis.  Previously, it was thought that much of the variation around BAFs estimated
on a total mercury basis could be attributed to differences among water bodies in the proportion of total mercury
existing as the methylated form.  The goal of the present analysis was to calculate a WC for the bioaccumulating
form of mercury, thereby yielding an estimate with the lowest possible variation around the mean.
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5.4.2 Bioaccumulation Factors (BAFs) for Magnification of Methylmercury in Aquatic Food Chains
5.4.2.1 Definition of BAFs and Overview


The bioaccumulation factor (BAF) for any given trophic level is defined as the ratio of methylmercury
concentration in fish flesh divided by the concentration of  dissolved methylmercury in the water column.  The
BAF represents the accumulation of mercury in fish of a specific trophic level from both direct uptake from water
and predation on contaminated organisms.  The BAF is a principal input variable in the GAS ISC3 exposure
model used in Volume III of this Report to link estimates of mercury deposition to exposure levels for fish-
consuming species.


In this Report, BAFs are estimated for trophic level 3 (foraging fish) and trophic level 4 (piscivorous
fish), which are designated as BAF  and BAF , respectively.   BAF   is estimated by three different methods and3 4 4


BAF  is estimated by two different methods.  The result, or output, of each estimation method is a distribution of3


BAF values, each associated with some degree of likelihood.  The three methods by which BAF  is estimated are:4


a modified GLWQI method, a BAF × PPF method, and a direct field-derived method from measured BAFs at
trophic level 4.  BAF  is estimated by the modified GLWQI method and directly from measured BAFs at trophic3


level 3.  These methods are summarized in Section 5.4.2.2 of this Volume and described in detail in Appendix D
to Volume III (Appendix D also describes two BAF approaches for total mercury).  BAF   is intended to be4


representative of the random selection of a trophic level 4 fish from a random lake in a random geographical
location.  It is meant to be used to estimate the concentration of methylmercury in such a randomly-selected fish
when multiplied by the dissolved methylmercury concentration.  BAF  performs the same function for trophic3


level 3 fish.


The general approach used in this analysis was based on probabilistic methods, as described in Appendix
D to Volume III.  This approach was taken to allow quantitative expression of the overall variability surrounding
the various estimates of the BAFs and to determine the relative sensitivity of the estimates to specific individual
variables.


5.4.2.2 BAF Estimation Methods


Modified GLWQI Method


The GLWQI method is essentially the same as that in the Proposed Guidance (U.S. EPA, 1993c),
modified to consider only methylmercury, and based entirely on field-derived BCFs and PPFs.  The formula is
given in equation 1.


BAF  = BCF ×  FCM (1)n n


where


n is the trophic level for which the BAF is estimated,


BCF is the weighted-average bioconcentration factor (BCF) for dissolved methylmercury at
trophic level 1, and


FCM is the food-chain multiplier representing the cumulative biomagnification ofn


methylmercury from trophic level 2 to trophic level n, n=[3,4].
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The formulas for FCM  and FCM  are given in equations 2 and 3, respectively.3 4


FCM  =  PPF  ×  PPF (2)3 2 3


FCM  =  PPF  ×  PPF  ×  PPF (3)4 2 3 4


where


PPF  is the predator-prey factor at trophic level 2 representing the biomagnification of2


methylmercury in zooplankton as a result of feeding on contaminated phytoplankton,


PPF  is the same for trophic level 3 fish feeding on contaminated organisms, and3


PPF  is the same for trophic level 4 fish feeding on trophic level 3 fish.4


Distributions were assigned to each of the variables in equations 1-3 based on data available in the
published literature.  The basis and description of the distribution for each variable are described in Appendix D
of Volume III.  The nominal values for some of the variables are not the same as presented in the Proposed
Guidance (U.S. EPA, 1993c) due to differing assumptions and approaches to data analysis.  


BAF × PPF Method


The formula for the calculation of BAF  by this method is given in equation 4.4


BAF  =  BAF × PPF (4)4 3 4


where


BAF  is the field-measurement-derived distribution for the BAF at trophic level 3 and3


PPF  is the same as for the GLWQI method.4


Field-derived (Direct) Method


This method estimates BAF  and BAF  directly from measurements of BAFs in field studies.  The3 4


derivation of the BAF distributions is described in Appendix D of Volume III.


5.4.2.3 Results of BAF Simulations and Recommended Values


Results of the probabilistic simulations for each of the methods are given in Table 5-1, which shows
representative statistics for each BAF output distribution.  All of the statistics are given as the geometric
equivalents (antilogs) of the actual values generated by the simulations.  There is a large variance in the
distributions, which cannot be separated into variability in BAFs and uncertainty in their estimation.
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Table 5-1
Summary of Methylmercury Bioaccumulation Factors for Trophic Levels 3 and 4


(mean, 5%, and 95% values)


BAF BAF3 4


Recommended 1,600,000 6,800,000


Method Direct GLWQI BAF  x Direct GLWQI
Field-derived PPF  Field-derived


3


4


Median (GM ) 1,600,000 1,300,000 7,820,000 6,800,000 6,500,000a


5  pctl 461,000 71,500 1,960,000 3,260,000 331,000th


95  pctl 5,410,000 2,440,000 31,100,000 14,200,000 129,000,000th


GSD 2.12 5.88 2.32 1.56 6.13b


 Geometric Meana


 Geometric Standard Deviationb


The recommended BAFs are those developed from field data at each trophic level.  Values estimated
using the GLWQI methodology are similar in each case to those estimated from field data but show much greater
variability.  This greater variability is not surprising given the greater number of variables and paucity of data for
the GLWQI approach (see Appendix D of Volume III).  Only four field-derived data points were available to
characterize the BAF  and BAF  distributions.  In each case, however, these data points were in relatively good3 4


agreement, resulting in narrower statistical distributions that those associated with the GLWQI and BAF  x PPF3 4


approaches.


The GLWQI stipulates that when high quality field data are available, BAFs developed from these data
should take precedence over values estimated using laboratory data.  At the time of its development, the field
data needed to estimate BAFs for the GLWQI were not available.  Recently collected field data are thought to be
sufficient to generate accurate estimates of mean BAFs for trophic levels 3 and 4.  Confidence in estimates of the
geometric standard deviations is lower.  Additional data from a broader array of ecosystem types are needed to
better characterize the shapes of these distributions.    


5.4.2.4 Sensitivity Analysis


A limited sensitivity analysis was conducted to examine the influence of distribution form on the BAFs
estimated by the direct field-derived method.  The analysis investigated the impact on the output of assuming the
BAFs were distributed normally rather than lognormally.  The difference in the two assumptions was small, with
slightly higher median estimates for the normal distributions and slightly higher upper percentiles for the
lognormal.  The empirical data more closely matched the lognormal form.  This analysis is presented in
Appendix D of Volume III.
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5.4.2.5 Uncertainty and Variability


Generally, in the representation of the input and output distributions, there are no distinctions as to size
or species of fish, location or type of lake (eutrophic or oligotrophic), water column pH, or absolute mercury
concentrations (in fish or water).  The available data are insufficient to make these distinctions.  Field data are
heavily biased towards northern (oligotrophic) lakes and somewhat towards smaller (younger) fish.


There is no distinction between variability and uncertainty in the BAF  distributions.  That is, the4


variability in the output distributions reflects both naturally variable processes and the uncertainty around those
processes.  For example, the BAF  distributions include variability in the BAF associated with variations in fish4


size combined with measurement uncertainties.


Perhaps the greatest source of variability is that of model uncertainty; i.e., uncertainty introduced by
failure of the model to account for significant real-world processes.  In lake surveys conducted within a relatively
restricted geographic region, large differences can exist between lakes with respect to mercury concentrations in
a given species of fish (see for example Cope et al., 1990; Grieb et al., 1990; Sorenson et al., 1990; Jackson,
1991; Lange et al., 1993).  Although much of this variability can be attributed to local biogeochemical processes
that determine the percentage of total mercury that exists as the methylated form, additional sources of variability
undoubtedly exist.  In addition, it has been repeatedly shown that mercury in fish accumulates throughout the
lifetime of the individual (Scott and Armstrong, 1972; MacCrimmon et al., 1983; Wren et al., 1983; Mathers and
Johansen, 1985; Skurdal et al., 1985, Wren and MacCrimmon, 1986; Sorenson et al., 1990; Jackson, 1991;
Gutenmann et al., 1992; Glass et al., 1993, Suchanek et al., 1993; Lange et al., 1993).  Reported BAF values for a
given species may, therefore, vary as a function of the ages of the animals examined.  As a result, some
researchers have suggested that comparisons between lakes should be made using "standardized" fish values
(e.g., a value for a hypothetical 1 kg northern pike), typically derived by linear regression of residue data
collected from individuals of varying size and/or age (Wren and MacCrimmon, 1986; Sorenson et al., 1990;
Meili et al., 1991).  An additional source of variability is seasonal variation of  dissolved methylmercury in the
water column.  While the concentration of methylmercury in fish flesh is presumably a function of the varying
water concentration, specific values for BAF  and BAF  are generally calculated from single representative4 3


values.


5.4.2.6 Conclusions


BAFs derived from adequate data collected at a site of concern should be used in lieu of the estimated
values presented in this Report.  The criteria for defining the adequacy of data are discussed in the Data Quality
Objectives section of Appendix D in Volume III.  When such values are not available, the use of the geometric
mean values from the BAF  and BAF  output distributions generated from the direct field-derived distributions is3 4


the recommended approach.  Use of the geometric mean, rather than the arithmetic mean, is a consequence of the
assumption that BAFs are distributed in nature as the logarithm of the observed value.  The recommended
approach is more direct and less variable than the GLWQI method and involves fewer assumptions. The
recommendation as to the use of the (geometric) mean value of these distributions is based on the inability to
distinguish among various sources of uncertainty and variability in the output distributions, with consequent
problems of interpretation of specific percentiles.  Because the exposure concern is for repeated ingestion of
contaminated fish, the mean, rather than the median, is the appropriate value.  The median is only useful when
the concern is the random selection of a single fish. 
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Reducing the uncertainty in the BAFs generated by these methods will require the collection of more data
representative of the critical factors underlying the observed variability and the inclusion of additional terms to
explicitl y model those factors.  For example, the inclusion of an age/size regression term would account for a
substantial portion of the variability in both BAF  and PPF .4 4


5.4.3 Exposure Parameters


Exposure parameters for the present analysis are shown in Table 5-2.  The scientific basis for parameters
that apply to the mink, otter, kingfisher, osprey and eagle is reviewed elsewhere (U.S. EPA 1993a, 1995a).  The
weight of loons was calculated as the average of values reported by Barr (1986) for adult males and females, and
the feeding rate was taken from Barr (1973).  Data provided by Barr (1996) suggest that, when given the
opportunity, loons feed almost exclusively on live fish and that these fish belong almost exclusively to trophic
level 3. 


Table 5-2
Exposure Parameters for Mink, Otter, Kingfisher, Osprey, and Eagle


Species (WtA) (F ) (W ) Wildlife Food
Body Wt. Ingestion Rate Drinking Rate Trophic Level of


kg kg/d L/d Source
A A


% Diet at
Each


Trophic
Level


Mink 0.80 0.178 0.081 3 90


Otter 7.40 1.220 0.600 3,4 80,20


Kingfisher 0.15 0.075 0.017 3 100


Loon 4.00 0.800 0.120 3 100


Osprey 1.50 0.300 0.077 3 100


Eagle 4.60 0.500 0.160 3,4 74,18


For this analysis, it was assumed that prey not attributed to trophic levels 3 and 4 were derived from non-
aquatic origins and do not contain mercury.  Were these prey to contain mercury, WC values calculated for the
relevant species would decrease.  BAFs for trophic levels 3 and 4 were assigned the values recommended in
Section 5.4.2.3 of this Volume.


5.4.4 Summary of Health Endpoints for Avian and Mammalian Wildlife


The avian chronic TD value was derived from studies by Heinz (1975, 1976a,b, 1979) in which three
generations of mallard ducks (Anas platyrhynchos) were dosed with methylmercury dicyandiamide (0, 0.5 and
3.0 ppm) (see Section 4 of this Volume).  The lowest dose, 0.5 ppm (78 �g/kg bw/d), resulted in adverse effects
on reproduction and behavior and was designated as a chronic LOAEL.  As no NOAEL was reported, a UF  of 3L


was used according to methodology described in U.S. EPA (1995b).  In a departure from the GLWQI, a decision
was made not to adjust this value further using a species-to-species uncertainty factor (UF ) greater than 1.0. A


Although no toxicity data are available for any of the bird species of interest, a review of the literature suggests







WCS �
(TD x [1/(UFA x UFS x UFL)]) x WtA


WA � [(0.9)(FA x BAF3)]


WCS �
(0.055mg/kg/d x [1/(1 x 3 x 1)]) x 0.8kg
0.081L/d� [ (0.9) (0.178kg/d x 1,600,000) ]


WCS � 57 pg/L
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that piscivorous birds possess a greater capability to detoxify methylmercury than do non-piscivorous birds (see
Section 4 of this volume).  Adjusting the TD for mallards even lower is, therefore, unjustified.


The mammalian chronic NOAEL was derived from studies of subchronic exposure by Wobeser (1973,
1976a,b) in which mink were dosed with mercury in the form of mercury-contaminated fish (0.22 and 0.33 ppm,
naturally incorporated into fish; 1.1, 1.8, 4.8, 8.3 and 15.0 ppm, spiked into the diet).  Effects observed include
histopathologic lesions in nerve tissue at 1.1 ppm and higher doses.  Anorexia, ataxia and death occurred at 1.8
ppm and higher doses.  The dose of 0.33 ppm (55 �g/kg bw/d) was selected as the NOAEL for subchronic
exposure.  As this was a less than lifetime study, a UF  of 3 was applied to the TD or NOAEL.  The value of thisS


uncertainty factor is less than the value employed in the GLWQI (10).  However, the authors of the GLWQI also
identified 1.1 ppm as the NOAEL, whereas this analysis considers the histopathological lesions seen in the 1.1
ppm dose group an adverse toxic effect.  The subchronic NOAEL/UF  is 18.3 �g/kg bw/d, which isS


approximately equal to the chronic NOAEL (20 �g/kg bw/d) estimated from long-term feeding studies with
domestic cats (Charbonneau et al., 1974).


Based on the information above, the TDs used for calculation of a WC for mercury were:


For avian wildlife - A LOAEL of 78 �g/kg bw/d.


For mammalian wildlife - A NOAEL of 55 �g/kg bw/d.


Dividing the avian TD by a UF  of 3 yields an avian RfD of 26 µg/kg bw/d.  A mammalian RfD of 18 µg/kg bw/dL


was calculated by dividing the mammalian TD by a UF  of 3.S


5.4.5 Calculation of Wildlife Criterion Values


WC values were calculated for each of the wildlife species of concern using exposure values
recommended in Section 5.4.4.4.  Calculations of WC values for each of the selected species follow.


The mean of the two WC  values calculated for mammals is 50 pg/L.  The mean of the four avian valuess


is 74 pg/L.  The lowest of these is the WC  calculated for mammalian species.  Therefore, the WC  fori f


methylmercury is 50 pg/L.


For the mink:







WCS �


(TD x [1/(UFA x UFS x UFL)]) x WtA
WA � [ (0.8) (FA x BAF3) � (0.2) (FA x BAF4) ]


WCS �


(0.055mg/kg/d x [1/(1 x 3 x 1)]) x 7.4kg
0.60L/d � [ (0.8) (1.22kg/d x 1,600,000)� (0.2) (1.22kg/d x 6,800,000)]


WCS � 42 pg/L


WCS �


(TD x [1/(UFA x UFS x UFL)]) x WtA
WA � [ (1.0) (FA x BAF3) ]


WCS �


(0.078 mg/kg/d x [1/(1 x 1 x 3)]) x 0.15 kg
0.017 � [ (1.0) (0.075x 1,600,000) ]


WCS � 33 pg/L


WCS �


(TD x [1/(UFA x UFS x UFL)]) x WtA
WA � [ (1.0) (FA x BAF3) ]


WCS �


(0.078 mg/kg/d x [1/(1 x 1 x 3)]) x 4.0 kg
0.012 L/d � [ (1.0) (0.8 kg/d x 1,600,000) ]


WCS � 82 pg/L
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For the otter:


For the kingfisher:


For the loon:







WCS �


(TD x [1/(UFA x UFS x UFL)]) x WtA
WA � [ (1.0) (FA x BAF3) ]


WCS �


(0.078 mg/kg/d x [1/(1 x 1 x 3)]) x 1.5 kg
0.077 L/d � [ (1.0) (0.3 kg/d x 1,600,000) ]


WCS � 82 pg/L


WCS �


(TD x [1/(UFA x UFS x UFL)]) x WtA
WA � [ (0.74) (FA x BAF3) � (0.18) (FA x BAF4 ]


WCS �


(0.078 mg/kg/d x [1/(1 x 1 x 3)]) x 4.6 kg
0.16L/d � [ (0.74) (0.5kg/d x 1,600,000)� (0.18) (0.5kg/d x 6,800,000)]


WCS � 100 pg/L
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For the osprey:


For the bald eagle:


5.4.6 Calculation of Mercury Residues in Fish Corresponding to the Wildlife Criterion Value


The WC for methylmercury, along with appropriate BAFs, can be used to calculate corresponding
mercury residues in fish.  Using the recommended BAFs presented in Table 5-1, a WC of 50 pg/L corresponds to
methylmercury concentrations in fish of 0.077 �g/g and 0.346 �g/g for trophic levels 3 and 4, respectively.


5.4.7 Calculation of the Wildlife Criterion Value for Total Mercury in Water


A WC for total mercury can be calculated using an estimate of dissolved methylmercury as a proportion
of total dissolved mercury in water.  Mercury speciation data from filtered water samples are reviewed in
Appendix D of Volume III.   Based upon a survey of these data, the best current estimate of methylmercury as a
proportion of total is 0.078.  Using this value, a methylmercury WC of 50 pg/L corresponds to a total dissolved
mercury concentration of 641 pg/L.  An additional correction is needed if the WC is to be expressed as the
amount of total mercury in unfiltered water.  The available data, although highly variable, suggest that on average
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total dissolved mercury comprises about 70 percent of that contained in unfiltered water (Back and Watras, 1995;
Driscoll et al., 1995; Mason and Sullivan, 1997; Watras et al., 1995a).  Making this final correction results in a
WC of 910 pg/L (unfiltered, total mercury), which is approximately 70 percent of the value published previously
in the GLWQI.


5.4.8 Calculation of a Wildlife Criterion for the Florida Panther


Estimates of the NOAEL and LOAEL in domestic cats were not used in the derivation of a WC for
Florida panthers, but were presented instead to provide a comparison with other mammals.  The chronic NOAEL
for cats (20 �g/kg bw/d) is close to that derived from mink data (18.3 �g/kg bw/d).  Cats, therefore, do not appear
to be uniquely sensitive or insensitive to the toxic effects of mercury.


Derivation of a WC to protect the panther is complicated by the possibility that prey items (e.g., the
raccoon) accumulate mercury to an even greater extent than the fish represented by trophic level 4.  Other prey
(e.g., deer) probably contain relatively lower levels of mercury.  Calculation of a WC protective of the panther,
therefore, requires collection of additional information on the diet of this species and mercury residues contained
therein.  These residues would then have to be related to corresponding levels in water through the use of PPFs
(e.g., raccoon/fish or other aquatic biota) and BAFs (aquatic biota/water).  Existing data are insufficient to
support such an analysis but could be collected and developed for this purpose.


5.4.9 Comparison of GLWQI Criteria with WC Derived in this Report


The evaluation of data and calculation of WC values in this Report was done in accordance with the
methods published in the draft GLWQI (U.S. EPA 1993a).  The availability of additional data and differences in
interpretation of those data led to differences in the calculated values of the WC in this Report and those
published in the final GLWQI (U.S. EPA 1995b).  Both evaluations employed the same methodology as
described in Section 5.4.1 of this Volume.  Both used the same studies as the basis for WC calculation: for birds,
the three generation reproduction study in mallards (Heinz, 1974, 1975, 1976a,b, 1979) and, for mammals, the
subchronic dietary studies in mink (Wobeser et al., 1976a,b).  In addition to these studies, this Report also relies
on Wobeser's dissertation (Wobeser, 1973), which provided some additional information that was augmented by
discussions with the author.


To provide a basis for comparing methylmercury WC values derived in this Report with values
calculated in the GLWQI, it was necessary to convert all methylmercury values to corresponding total mercury
estimates (see Section 5.4.6 of this Volume).  Table 5-3 presents a comparison between the WC values calculated
in the GLWQI (U.S. EPA, 1995b) and this Report (converted to total mercury in unfiltered water).  All of the
WC values calculated in this Report are lower (i.e., more conservative) than those published in the GLWQI.  All
species-specific WC values, however, differ by a factor of three or less.  Expressed as total mercury, the WC
derived in this Report is approximately 70 percent of the WC derived in the GLWQI.


In the evaluation of effects in birds, both the GLWQI and this Report identified a LOAEL for
reproductive effects in the second generation of mallards exposed to 0.5 ppm mercury in diet (Heinz 1976b,
1979).  This LOAEL was adjusted to 0.078 mg/kg bw/d by applying an average food ingestion rate for treated
mallards of 0.156 kg/kg/d.  In calculating the wildlife reference dose, the GLWQI used a UF  of 3 and a UF  ofA L


2.  This Report used a UF  of 1 and a UF  of 3 (see Section 5.4.11.2 for a discussion of UF ).A L L


In the effects assessment for piscivorous mammals, both the GLWQI and this Report used data on mink
administered mercury in the diet.  The GLWQI identified a NOAEL of 1.1 ppm.  At this dietary 
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Table 5-3
Species-specific Wildlife Criteria Calculated in the Great Lakes Water Quality Initiative


(GLWQI)  and in the Mercury Study Report to Congressa


Species


Wildlife Criterion
(pg/L)


GLWQI Mercury Study Report to Congress


Mink 2880 1038


Otter 1930 764


Kingfisher 1040 598


Osprey Not done 1498


Eagle 1920 1818


 U.S. EPA, 1995ba


exposure, there were changes in the liver, lesions in the central nervous system, and axonal degeneration;
moreover, two of the animals in this treatment group were observed at the end of treatment to move slowly by
comparison to other mink.  The study authors reported their opinion that mink treated at 1.1 ppm in the diet for
longer than the study would be expected to show clinical signs of nervous system damage.  Animals treated at the
next dose, 1.8 ppm, were observed with anorexia, ataxia and increased mortality.  Based on these considerations,
this Report considered 1.1 ppm to be a LOAEL and, as described in Section 4.3, used data from the first part of
the study to identify a NOAEL of 0.33 ppm.  This Report also used data from Wobeser (1973) to establish the
weights of female mink and kits used in this part of the study; this resulted in slight differences in conversion of
dose in ppm diet to �g/kg bw/d


In its assessment of exposure to birds through consumption of prey, the GLWQI made assumptions that
were appropriate to the Great Lakes region.  In particular the GLWQI assumed that mercury contaminated
herring gulls constitute 6% of the diet of bald eagles.  As this Report is a nationwide assessment, use of this
region-specific assumption was not considered appropriate; eagles were assumed to consume non-fish prey, with
no mercury contamination, as 8% of the total diet.  The largest numerical difference in the exposure assessment
between the GLWQI and this Report is in the calculation of BAFs.  The GLWQI used a BAF of 27,000 for
trophic level 3 and a BAF of 140,000 for trophic level 4.  Total mercury BAFs corresponding to the
methylmercury-based values reported in Table 5-1 (and assuming that methylmercury constitutes 7.8 % of total
mercury) are 124,800 and 530,400 for trophic levels 3 and 4, respectively.


Thus, the differences between the WC in the GLWQI and in this Report are a result of several factors. 
First, this Report uses more recent data to derive BAFs.  The Supplementary Information Document to the final
Water Quality Guidance for the Great Lakes System noted that a preliminary draft of the Mercury Report to
Congress was available but was not used because it had not been completed at the time the final guidance was
published (U.S. EPA 1995b, p. 144).  Second, the GLWQI appropriately used some region-specific assumptions
that were not used in this nationwide assessment (e.g., consumption of herring gulls by eagles).  Third, different
toxicity endpoints were used in this Report.  In the GLWQI, a risk-management decision was made to base the
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WC on endpoints that comprise direct effects on growth, reproduction, or development.  In this Report, more
sensitive endpoints were considered with the goal of assessing a greater range of toxic effects.  Finally, different
uncertainty factors were employed in the two assessments.  In general, uncertainty factors used in the GLWQI are
more conservative than those used in this Report.


5.4.10 Uncertainty Analysis 


A formal analysis of uncertainty around the WC estimate was not attempted.  Such an analysis would
require specification of numeric distributions for each of the parameters in the equation.  Data for several of the
parameters in the equation, in particular the NOAEL and UF estimates, are presently sufficient to generate point
estimates only.  A partial uncertainty analysis has been conducted for the bioaccumulation part of the WC
approach (see Appendix D of Volume III). 


5.4.11 Sensitivity Analysis


In a sensitivity analysis, an attempt is made to characterize the extent to which a calculated value changes
with changes in the parameters upon which its calculation depends.  Examination of the equation for calculation
of WC values suggests that a proportional relationship exists between the WC and the NOAEL, UF or Wt .  TheA


relationships between the WC and parameters that appear in the denominator are not as apparent and must be
explored by varying these parameters one-by-one in systematic fashion.  The analysis is also complicated by the
variable relationship that exists between FD  and FD .  In the otter and eagle, FD  and FD  tend to be reciprocal3 4 3 4


(although in the eagle these values do not add up to 1).  In the mink, however, FD  is assigned a value of less than3


1, and the remainder of the diet is assumed to consist of prey that are not aquatic in origin and are not
contaminated with mercury.


Nevertheless, general conclusions can be reached regarding the sensitivity of WC estimates to changes in
these parameters.  These can be described as follows:


� A decrease in any parameter that appears in the denominator will have a larger effect on WC
than an equivalent percentage-wise increase.


� When BAF  appears alone in the denominator, a percentage-wise increase in BAF  or FD  will3 3 3


cause a less than proportional decrease in the WC; conversely a decrease in BAF  or FD  will3 3


cause a greater than proportional increase in the WC.


� When both BAF  and BAF  appear in the denominator, an equivalent percentage-wise change in3 4


BAF  (and by extension PPF ) has a greater impact on the WC than a change in BAF , but in4 4 3


either case, the effect is less than proportional.


� If BAF  and BAF  are both allowed to change (holding PPF  constant), a percentage-wise3 4 4


increase in BAF  (and by extension BAF ) will have a less than proportional effect on WC, while3 4


a decrease in BAF  will have a greater than proportional impact.3


� Under all circumstances, a percentage-wise increase in F  will cause a less than proportionalA


decrease in WC, while a decrease in F  will cause a greater than proportional increase in WC.A
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� Owing to its small contribution to the analysis as a whole, large changes in W  have a very smallA


impact on WC.


With the exception of F , it is not possible to conclude that, for all species, the WC is most sensitive toA


one or the other of the parameters in the denominator of the equation.  For species that feed at one trophic level,
all parameters other than F  have the potential to change WC in a proportional or greater than proportionalA


manner.  For species that feed at two trophic levels, the BAF at the lower trophic level becomes relatively less
important, but it may still have a large impact on WC if the percentage of the diet represented by this lower
trophic level is large (e.g., in the mink).


5.4.12 Uncertainties Associated with the Wildlife Criteria Methodology


Efforts to develop WC values for the protection of piscivorous wildlife are relatively recent in origin, and
the methods employed for this purpose continue to undergo modification and refinement.  Owing to the
complexity of natural systems, uncertainties associated with the development of WC values are to be expected. 
Additional uncertainties derive from the relative scarcity of wildlife toxicity information and the necessity of
extrapolating individual-based effects to higher levels of biological organization (e.g., populations).


Uncertainties associated with the WC methodology have been reviewed elsewhere (U.S. EPA, 1994). 
Rather than repeat this information, this Report attempts to focus on those areas that are especially pertinent to
the development of a WC for mercury.  These uncertainties are described below in no particular order.


5.4.12.1  Limitations of the Toxicity Database


Substantial uncertainties underlie most of the toxicity data for mercury in wildlife.  Comparison of
NOAELs and LOAELs between species requires adoption of unproven assumptions about the uptake,
distribution, elimination, and toxic effects of mercury.  Conclusions based upon extrapolation from one species to
another are, therefore, tenuous.  Additional uncertainties are a result of extrapolating from LOAELs to NOAELs
and from subchronic endpoints to chronic endpoints.  In some instances, there may also be a need to account for
the possibility that test results do not adequately protect the most sensitive individuals.  This may be particularly
germane to the case of the Florida panther, where there is concern for individual animals.


Toxicity studies utilizing "naturally incorporated" mercury are complicated by the possibility that
mercury  is accompanied by other contaminants that are exerting some or all of the observed effect.  Ideally, it is
desirable to compare the effects of mercury that has been incorporated naturally with effects that are due to
mercury that has been spiked into a prepared diet.  By spiking mercury into the diet, the researcher can better
control the dose to the animal.  The bioavailability of mercury in such a formulation may be different from that
which exists naturally.  However, Charbonneau et al. (1976) demonstrated that the bioavailability and toxicity of
methylmercury to cats is equivalent whether given in contaminated fish or spiked in the diet.


EPA cannot test all wildlife species of interest.  The use of uncertainty factors for species extrapolation is
likely, therefore, to continue.  Existing information can be used, however, to suggest which species should be
singled out for testing.  Information of this type is reviewed in this document in several locations and includes
species distribution, natural history considerations, and exposure factors.


Finally, comparisons between wildlife and human NOAELs are complicated by differences in the ability
of a given study to reveal an adverse effect when it occurs.  For wildlife, most of the endpoints selected can be
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considered severely adverse or frank effects.  Very few studies to date have been designed to study subtle adverse
effects or precursors to adverse effects in wildlife.  Developmental neurotoxicity endpoints are of particular
interest due to their demonstrated sensitivity in humans.  The question, therefore, arises:  what would the LOAEL
or NOAEL for a given wildlife species be if the researcher was looking for (or was able to detect) these more
subtle effects?  One approach to this question is to examine the results of studies in which both frank and more
subtle effects were observed and determine the corresponding difference between dosage levels.


5.4.12.2  LOAEL-to-NOAEL Uncertainty Factor UFL


In determining the WC for mercury exposure in wildlife, a chronic NOAEL is the preferred value for the
TD.  In cases where studies do not identify a NOAEL, the data are examined to identify a LOAEL.  This LOAEL
is then adjusted using a LOAEL-to-NOAEL uncertainty factor (UF ) to estimate a wildlife RfD.  A UF  of 3 orL L


10 (based on EPA reference dose methodology) is typically applied when a LOAEL is used in the absence of a
NOAEL.


In determining the RfD for human exposure to methylmercury, a large number of laboratory animal
studies on methylmercury toxicity were summarized as supporting data.  Results from many of these studies
permitted estimation of both a LOAEL and a NOAEL.  These studies were examined in an effort to determine the
most appropriate UF  for wildlife exposure to mercury.L


The studies examined are summarized in Volume V of this Report.  Nineteen studies were selected as
being the most relevant and appropriate for determining a UF .  Selection criteria included the following:L


� methylmercury toxicity to nonhuman mammals;


� oral exposure (with preference given to dosing in food or drinking water); and


� chronic or subchronic exposure durations (with exceptions for reproductive and developmental
toxicity where such distinctions are less relevant).


Cancer and genotoxic endpoints were not included because tumors are not often reported in wildlife toxicity
studies.  Endpoints included in the analysis included lethality, neurotoxicity, renal toxicity, gastrointestinal
toxicity, immunotoxicity, developmental toxicity and reproductive toxicity (see Table 5-4).  Data abstracted from
the studies include the species and sex of the test subjects, toxicologic endpoint, LOAEL, NOAEL and the ratio
between them.  The LOAEL:NOAEL ratios were not segregated by endpoint because there was an insufficient
number of studies at most endpoints to determine statistical significance.


The ratios of LOAEL-to-NOAELs for laboratory animal studies are plotted versus frequency in Figure 5-
1.  These ratios can be thought of as the reduction in the LOAEL necessary to estimate the corresponding
NOAEL.  Figure 5-1 illustrates that the majority of ratios lie between one and two (n=6) and between four and
five (n=9).  Only one ratio of the 19 plotted was greater than 10.  A ratio of five indicates that the NOAEL
observed following exposure to methylmercury is 5-fold less than the 
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Table 5-4
Analysis of LOAEL-to-NOAEL Uncertainty Factor


Endpoint LOAEL NOAEL RATIO
Species and Sex (mg/kg/day) (mg/kg/day) LOAEL:NOAEL Study


Lethality


B6C3F1 Mouse M 0.69 0.60 1.15 Mitsumori et al., 1990


Neurotoxicity


Rat (Wistar) M & F 0.25 0.05 5.0 Munro et al., 1980


Cat sex NS 0.046 0.020 2.3 Charbonneau et al., 1976


Monkey (Macaca fasicularis) M & F 0.03 0.02 1.5 Sato and Ikuta, 1975


Monkey (Macaca artoides and M. nemestrina) M & F 0.5 0.4 1.25 Evans et al., 1977


Renal Toxicity


Mouse (ICR) M 0.72 0.15 4.8 Hirano et al., 1986
F 0.62 0.11 5.6


Mouse (B6C3F1) M 0.14 0.03 4.7 Mitsumori et al., 1990
F 0.6 0.13 4.6


Gastrointestinal Toxicity


Mouse (B6C3F1) M 0.69 0.14 4.9 Mitsumori et al., 1990


Immunotoxicity


Rabbit (New Zealand White) M & F 0.4 0.04 10.0 Koller et al., 1977


Developmental Toxicity


Rat (Charles River) F 4.0 0.2 20.0 Nolen et al., 1972


Rat (Wistar) F 0.25 0.05 5.0 Khera and Tabacova, 1973


Rat (Charles River) F 1.4 0.7 2.0 Fowler and Woods, 1977


Rat (Wistar) offspring of both sexes 0.6 0.2 3.0 Schreiner et al., 1986







Table 5-4 (continued)
Analysis of LOAEL-to-NOAEL Uncertainty Factor


Endpoint LOAEL NOAEL RATIO
Species and Sex (mg/kg/day) (mg/kg/day) LOAEL:NOAEL Study
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Reproductive Toxicity


Rat (Wistar) M 0.5 0.1 5.0 Khera, 1973


Mouse (ICR) M 0.72 0.15 4.8 Hirano et al., 1986


Mouse (B6C3F1) M 0.68 0.14 4.9 Mitsumori et al., 1990


Monkey (Macaca facicularis) M 0.065 0.047 1.4 Mohamed et al., 1987


Monkey (M. facicularis) F 0.06 0.04 1.5 Burbacher et al., 1988


NS - Not stated.
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corresponding LOAEL.  These data imply that most ratios between LOAELs and their corresponding NOAELs
will be less than 10.


A similar analysis of animal toxicity data (Weil and McCollister, 1963) was provided by Dourson and
Stara (1983).  None of the LOAEL-to-NOAEL ratios from studies of 52 chemical substances exceeded 10.  Only
two of the 52 ratios exceeded five.  The Dourson and Stara (1983) analysis has been cited in support of the use of
a variable UF  of as much as 10 in deriving reference doses for humans.  Dourson and Stara (1983) recommendedL


the application of a relatively large UF  when estimating a NOAEL from a LOAEL for a severe or frankL


toxicological effect.  Conversely, a low UF  could be applied when the toxicological effect was considered to beL


relatively mild.


The distribution of LOAEL:NOAEL ratios around two and five primarily reflect the dose spacing
selected for the study designs.  Two-fold, 5-fold and 10-fold spacing are common in experiments of this type. 
The most appropriate interpretation of the ratios reported here and by Dourson and Stara (1983) is that the
threshold for the toxicologic effects, defined by each study, lies within the bounds of the experimentally derived
LOAEL divided by a UF  and that most of the effects thresholds will be encompassed by using a UF  of 10 orL L


less.  It is also likely that the most appropriate UF  will vary with the toxicological endpoint selected.  For studiesL


that identify only a LOAEL, the principal assumption is that the next lower dose, had it been tested, would be a
NOAEL.  This assumption is best applied to studies that identify a LOAEL for mild effects.  LOAELs for severe
or frank effects (which are generally no used for human health risk assessment) require a high degree of
professional judgment in applying a UF .L


The analysis by Dourson and Stara (1983) and the analysis reported here support the UF  of threeL


selected by the authors of this Report for use with the avian LOAEL.  In deriving an RfD for avian species, the
authors of the GLWQI used a UF  of two.  Given the substantial uncertainties in all the values used to calculateL


the WC for mercury exposure, neither two nor three can be considered to be the only correct value.


5.4.12.3  Validity of BCF/BAF Paradigm


A significant shortcoming of the WC for mercury calculated in the GLWQI is its reliance upon BCF
values determined in the laboratory.  This methodology is based on a bioaccumulation paradigm (steady-state
BCF x FCM) that was developed for neutral hydrophobic organic compounds and that may be inappropriate for
application to mercury.  In addition, the laboratory studies available for estimating BCFs were conducted with
fish and not with organisms at the first trophic level (phytoplankton) that begin the bioaccumulation process.  The
modified GLWQI method uses field data for directly determining BCFs in phytoplankton but must rely on other
uncertain assumptions, such as dry weight to wet weight conversion factors, to obtain the appropriate values. 
The result is increased uncertainty in the results of the GLWQI methodology when compared to direct estimation
of BAFs from field data.  


Field studies indicate that many, if not most, fish accumulate mercury throughout their lives, often in a
nearly linear fashion with age (see for example Scott and Armstrong, 1972; MacCrimmon et al., 1983; Wren et
al., 1983; Mathers and Johansen, 1985; Skurdal et al., 1985; Wren and MacCrimmon, 1986; Sorenson et al.,
1990; Jackson, 1991; Gutenmann et al., 1992; Glass et al., 1993; Suchanek, 1993; Lange et al., 1993).  Moreover,
most of the mercury accumulated by fish at trophic level 4 is thought to be taken up from dietary sources.  Thus,
particularly for long-lived piscivorous fish, a relatively short (one year or less) waterborne exposure cannot
duplicate the extent of accumulation that takes place in nature.  In addition, the relationship between a
concentration of an applied mercury species in the laboratory and the concentrations of multiple species present
in the environment (some of which may not be bioavailable) is completely unknown.
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The apparent progress to "steady-state" observed in several chronic laboratory studies (see McKim et al.,
1976) should not be misinterpreted as an actual steady-state condition, but instead probably reflects growth
dilution with rapidly growing fish.  Growth dilution will tend to depress BCF values during periods of rapid
growth, but as growth rate slows, continued accumulation of mercury will result in an increase in whole-body
concentration with age.


5.4.12.4  Selection of Species of Concern


The species identified for the present analysis were selected because they were considered likely to be
exposed and not due to their inherent sensitivity to mercury.  Lacking toxicity information, little guidance is
available concerning which wildlife species are most sensitive to mercury.  In addition, there are problems
associated with any comparison of laboratory and field data.  For example, laboratory data suggest that mercury
residues in eggs exceeding 0.5 �g/g are associated with impaired reproduction in mallard ducks (Heintz, 1974,
1976a,b, 1979) and ring-necked pheasant (Fimreite, 1971).  In contrast, reproduction in herring gulls appears to
be unaffected even when egg residues exceed 10 �g/g (Vermeer et al., 1973).  Taken alone, these data suggest
that mallards and pheasant are more sensitive to the toxic effects of mercury than are gulls.  This may in fact be
true; however, such comparisons are complicated by the presence/absence of additional stressors such as
confinement, handling and weather, differences between natural and prepared diets, the possible ameliorative
effect of selenium, and the interplay between "inherited" (egg) residues and that which the chick consumes. 
Toxicity can be difficult to observe in a field study, even when it is occurring.  In 18 of 38 nests under study by
Vermeer et al. (1973), hatching success could not be evaluated for one reason or another.


Clearly, exposure and sensitivity are related.  If, for example, a species was, on a delivered dose basis, 10
times more sensitive than the eagle but, due to its dietary habits, received less than 10% of the dose, it would not
be expected to show adverse effects at water concentrations protective of the eagle.  Pharmacokinetic
considerations may also be important.  Thus, it has been suggested that birds eliminate a substantial amount of
mercury through incorporation into plumage.  The frequency and extent to which birds molt may, therefore,
impact their apparent sensitivity in an environmental setting.  Finally, it has been shown that most, if not all,
wildlife possess some capability to detoxify methylmercury by hepatic demethylation.  Enhanced demethylation
would be particularly important if it represented an adaptive strategy for piscivorous species.  The need for
toxicity information has already been noted.  As such information becomes available, it may be necessary to
revise the WC for mercury.


There is also a need to consider animals other than birds and mammals.  In particular, there is a need to
characterize the exposure of carnivorous reptiles, such as the alligator, that are known to consume considerable
quantities of fish and feed on animals (e.g., raccoon) that themselves feed on aquatic biota and are known to
accumulate mercury (Roelke et al., 1991).


5.4.12.5  Trophic Levels at Which Wildlife Feed


The dietary preferences of the wildlife species identified for this analysis are shown in Table 5-2. 
Justification for these assignments can be found in two recent U.S. EPA publications that were developed for the
purpose of supporting WC calculations (U.S. EPA 1993a, 1995a).  It can be expected, however, that
representatives of the same species will be exposed to different levels of mercury due to different feeding habits
and/or differences in the availability of specific prey items.  For example, bald eagles living on the shores of the
Great Lakes may consume significant numbers of herring gulls (Kozie and Anderson, 1991).  Since the gulls
themselves are piscivores, feeding primarily at trophic level 3, it has been argued that when an eagle consumes a
gull, it is feeding at trophic level 4 or higher; the gull/forage fish PPF is thought to be about 10, while the PPF for
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fish at trophic level 4 is believed to be approximately 5 (U.S. EPA, 1995a).  Eagles living in other parts of the
country or migrating into an area during a particular time of year may consume relatively few fish, feeding
instead on carrion, including rabbits, squirrels, and dead domestic livestock such as pigs and chickens (Harper et
al., 1988).  Other populations, however, are critically dependent upon the seasonal availability of fish,
particularly spawning salmonids.


The feeding habits of bald eagles are reviewed extensively elsewhere (U.S. EPA, 1993a, 1995a).  The
intent of this discussion is not to characterize the food preferences of the eagle, but instead to demonstrate how
difficult it is to characterize wildlife feeding habits on a nationwide, year-around basis.  For some species, such
as the kingfisher and river otter, it can be reasonably assumed that fish always comprise a high percentage of the
diet.  For others, such as the eagle and mink, considerable variations in diet are likely to exist.  Still others, such
as the Florida panther, consume prey (e.g., the raccoon) that, as a species, consume variable amounts of aquatic
biota but that, in south Florida, are thought to represent a close link to the aquatic food chain.


5.4.12.6  Variability in BAFs at each Trophic Level


A concern related to the issue of feeding preference is the possibility that trophic levels presently
assigned to the wildlife species in this analysis overestimate the actual extent to which they are exposed to
mercury.  This is because BAFs are developed to represent the average value for a trophic level when, in fact,
piscivorous birds and mammals may be more likely to target prey at the lower end of the size (age) distribution. 
Thus, eagles are more likely to consume a 1 kg northern pike than a 10 kg individual, yet both are represented in
the BAF for trophic level 4.  Similarly, kingfishers are probably limited to smaller representatives of trophic level
3 than would be true of an osprey.  The reason that these differences are important is that mercury tends to
accumulate throughout the life of an individual fish, such that concentrations in an older individual at a given
trophic level may far exceed those in a younger individual.


The need to apply BAF estimates on a nationwide basis in this study precludes further refinement.  It
may, however, be possible to explore this issue by using a probabilistic approach to analyze individual data sets. 
Specifically, it would be of interest to determine whether percentile information from the resulting output
distributions can be related to fish of known size.  Eventually, it may be possible to use this or another approach
to refine BAF estimates for mercury.


5.4.12.7  Natural History Considerations


Natural exposures are likely to vary in both spatial and temporal domains.  This is particularly true of
species that migrate, including the bald eagle, osprey, and belted kingfisher.  The necessity of incorporating this
type of information and the means by which this can be accomplished are open questions.


5.4.12.8  Individuals Versus Populations


The methods used to develop a WC for mercury are based on effects data from individual organisms. 
The stated assessment endpoint for this Report, however, is the health of wildlife populations.  The relationship
between individuals and populations is likely to vary with the species and a large number of environmental
factors.  For some populations, the loss of a significant number of individuals may have little effect, particularly
if environmental factors (like carrying capacity) limit population size.  Animals that are capable of dispersing
over large areas present an additional complication.  It is possible, for example, that negative impacts could occur
within a given location but would be difficult to observe due to a continuous influx of as yet unaffected
individuals.  For other populations, in particular those with low fecundity, loss of a relatively few individuals
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could have a large impact.  Clearly, there is a need to be able to extrapolate toxic effects on individuals to effects
on populations.  Unfortunately, this type of analysis is complicated by numerous factors and is essentially
impossible to apply on a national scale.


Finally, a focus on populations may not always be appropriate, particularly when endangered species are
involved.  The same may also be true when various factors contribute to the possibility of regional effects.  For
example, 95% of eagles nationwide might be protected by a WC for avian species, but in a given region mortality
could approach 100% if attributes of lakes and rivers in that region contributed to higher than average
accumulation of mercury in the aquatic food chain.


5.4.12.9  Species Versus Taxa


The WC developed for mercury in birds was calculated as the geometric mean of values for four species. 
Similarly, the geometric mean of values for two species was used to represent all mammals.  This approach is
reasonable if the WC calculated for each species within a taxa are similar, but it would fail to protect species for
which the WC value is much lower than the others with which it was averaged.


In the present analysis, WC values calculated for eagles, osprey, loon and kingfisher were within a factor
of three of one another.  WC values for mink and otter agreed to within a factor of about one and a half.  As
additional data are gathered, there is a need to identify species that, by virtue of sensitivity and/or exposure, are
particularly vulnerable to mercury.  Decisions could then be made concerning the advisability of special
measures to insure their protection.


5.4.12.10  Discussion of Uncertainties Associated with the Wildlife Criteria Methodology


The existing limited data suggest that BAF values represent an important source of uncertainty in present
efforts to calculate water-based WC values, although a lack of toxicity information and incomplete knowledge of
what wildlife eat contribute substantially.  Considerable progress has been made in understanding and predicting
how chemical and biological factors affect mercury bioaccumulation in aquatic biota, and, in time, it may be
possible to adjust BAF predictions as needed to represent specific surface waters of concern.  The prospect for
continuing uncertainty surrounding these estimates argues, however, for adoption of a residue-based approach;
i.e., the use of measured mercury residues in fish and wildlife to identify populations at risk.


It is important to recognize that BAF values are calculated as the ratio of a tissue concentration and a
water concentration.  Emphasis has been placed on problems associated with obtaining the numerator in this
equation.  However, considerable uncertainty may also exist with respect to the denominator.  In several
instances, it has been shown that, with improved analytical methods, mercury levels in a given water body tend to
come "down," resulting in an increase in the apparent BAF.  This "decline" is usually not thought to be real but
instead reflects improvements in sampling technique and analytical methods.


It is also unclear which of the mercury species are bioaccumulative and should, therefore, appear in the
denominator.  The present analysis considers dissolved methylmercury to be the best estimator of
bioaccumulation potential in a given water body.  Speciation data from a variety of systems suggest that most of
the methylmercury in the water column exists as the dissolved form (mean of about 70%) (see Appendix D of
Volume III).  Nevertheless, questions remain concerning the bioavailability of dissolved methylmercury
associated with DOC.  Additional refinement of the BAF approach may require methods to identify the “freely
dissolved” fraction of methylmercury.  A similar approach is now used routinely in BAF calculations with high
log K  organic compounds.  OW
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An effort was made to treat the uncertainty in BAF estimates by using a probabilistic approach.  The
advantage of this approach is that it explicitl y treats known variation in these parameters, thereby providing for
the statistical possibility of a high or low end result.  In addition, the distributions themselves follow from the
processes at work.  As more information about mercury is obtained, the distributions themselves can be
improved.  For example, a skewed BAF distribution for trophic level 4 would be expected from random sampling
of a fish population due to the relative scarcity of the oldest individuals.  Based upon a survey of published data,
the distribution of methylmercury values as a percent of total also appears to be highly skewed.  With respect to
the definition of these distributions, it is important to recall the possibility of regional bias introduced previously. 
It could be argued that FCMs based on regression of data for a large number of lakes should be given greater
weight (perhaps equal to the number of lakes) than data from a single location.  This, however, would only serve
to increase the degree of regional bias that is already present.


5.5 Risk of Mercury from Airborne Emissions to Piscivorous Avian and Mammalian Wildlife


5.5.1 Lines of Evidence


Barr (1986) found that 0.3 ppm of mercury in trophic level 3 fish caused adverse effects on reproduction
in common loons.  In the present Report, an effort was made to calculate a WC for mercury which, if not
exceeded, would be protective of piscivorous birds and mammals.  The mercury residue in trophic level 3 fish
that corresponds to this WC is 0.077 ppm, or about one-fourth the effect level identified by Barr (1986).  Based
upon a review of two national surveys, the average value for trophic level 3 fish in the continental U.S. was
estimated to be 0.052 ppm; however, these surveys may have overestimated the true national average due to a
bias toward waters receiving municipal and industrial waste.  Nevertheless, recent surveys of lakes that do not
receive point source loadings have yielded residue values in forage fish exceeding 0.077 ppm, particularly in
regions already impacted by acid deposition (see for example Gerstenberger et al., 1993; Simonin et al., 1994;
Driscoll et al., 1994; Lange et al., 1994; Cabana et al., 1994).  Although it is difficult to precisely determine an
adverse effects level for mercury in forage fish consumed by piscivorous wildlife, this value appears to lie in the
range 0.077-0.30 ppm.  The exact level may also vary to some degree depending upon the species in question and
specific environmental factors.


The effects data, though limited, are remarkable for their consistency; RfDs derived for birds and
mammals (mink and domestic cats) are essentially identical.  Very few uncertainty factors were used in these
calculations, and the uncertainty factor values were small.  In addition, the estimated value of UF (used to adjustL 


the TD for avian species) was supported by several sources of data.  Finally, it should be noted that all wildlife
RfDs are greater than the RfD for human health by a factor of about 200 (RfD for human health = 0.1 µg/kg
bw/d; see Volume IV).  As noted previously, the human health assessment differs from the wildlife assessment in
its consideration of subtle cognitive impacts.  The possibility also exists that humans are more sensitive than
piscivorous wildlife on a delivered dose basis, perhaps due to differences in ability to detoxify methylmercury. 
Nevertheless, the WC for mercury is unlikely to be grossly “overprotective” (i.e., too low) and may, in some
instances, be “underprotective.”  
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5.5.2 Risk Statements


Given the national-scale scope of this Report, quantitative estimates of risk are not possible or
appropriate.  It is notable, however, that hazard quotients derived by other authors for mink (Giesy et al., 1994)
and great egrets (Jurczck, 1993) ranged from 1.2 to 6.6.  Such calculations suggest the possibility of local impacts
on these two highly exposed populations.  As indicated previously, fish residues in some areas exceed calculated
WC values for trophic levels 3 and 4.  It should be emphasized that these WC values were calculated using
geometric mean BAF values; thus, BAFs were higher in approximately half of the systems for which field-data
were available.  For this reason, and given the small difference between effect (0.3 ppm) and no-effect (0.077
ppm) residue levels, it is likely that individuals of some highly exposed subpopulations (birds and mammals) are
consuming fish at or very near adverse effect levels.  Additional work is required to establish whether and to
what extent impacts are occurring, and what effect local-scale impacts may have on larger species populations. 
Existing data are insufficient to speculate on the spatial or temporal scale of these possible adverse effects or the
potential for recovery.  However, the risk of adverse effects is great enough to warrant intensified study of highly
exposed wildlife subpopulations, particularly in areas near mercury emissions point sources.  Finally, the data
suggest that special attention should be given to the possibility that mercury acts in concert with other
bioaccumulative contaminants (e.g., PCBs, TCDD) to produce toxic effects at residue levels that, when evaluated
separately, would not indicate a problem.
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6. CONCLUSIONS


The following conclusions are presented in approximate order of degree of certainty, based on the quality
of the underlying database.  The conclusions progress from those with greater certainty to those with
lesser certainty.


� Mercury emitted to the atmosphere deposits on watersheds and is translocated to waterbodies.  A variable
proportion of this mercury is transformed by abiotic and biotic chemical reactions to organic derivatives,
including methylmercury.  Methylmercury bioaccumulates in individual organisms, biomagnifies in
aquatic food chains and is the most toxic form of mercury to which wildlife are exposed.


� The proportion of total mercury in aquatic biota that exists as methylmercury tends to increase with
trophic level.  Greater than 90% of the mercury contained in freshwater fish exists as methylmercury. 
Methylmercury accumulates in fish throughout their lifetime, although changes in concentration as a
function of time may be complicated by growth dilution and changing dietary habits.


� Piscivorous avian and mammalian wildlife are exposed to mercury primarily through consumption of
contaminated fish and accumulate mercury to levels above those in prey items.


� Toxic effects on piscivorous avian and mammalian wildlife due to the consumption of contaminated fish
have been observed in association with point source releases of mercury to the environment.


� Concentrations of mercury in the tissues of wildlife species have been reported at levels associated with
adverse health effects in laboratory studies with the same species.


� Piscivorous birds and mammals receive a greater exposure to mercury than any other known component
of aquatic ecosystems.


� BAFs for mercury in fish vary widely; however, field data are sufficient to calculate representative means
for different trophic levels.  These means are believed to be better estimates of mercury bioaccumulation
in natural systems than values derived from laboratory studies.  The recommended methylmercury BAFs
for tropic levels 3 and 4 are 1,600,000 and 6,800,000, respectively (dissolved basis).


� Based upon knowledge of mercury bioaccumulation in fish, feeding rates, and the identity of prey items
consumed by piscivorous wildlife, it is possible to rank the relative exposure of different piscivorous
wildlife species.  Of the six wildlife species selected for detailed analysis, the relative ranking of
exposure to mercury is: kingfisher > otter > loon = osprey = mink > bald eagle.  Existing data are
insufficient to estimate the exposure of the Florida panther relative to that of the selected species.


� Local emissions sources (<50 km from receptors) have the potential to increase the exposure of
piscivorous wildlife well above that due to sources located more than 50 km from the receptors (i.e.,
"remote" sources).


� Field data are insufficient to conclude whether the mink, otter, or other piscivorous mammals have
suffered adverse effects due to airborne mercury emissions.
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� Field data are insufficient to conclude whether the loon, wood stork, great egret, or other piscivorous
wading birds have suffered adverse effects due to airborne mercury emissions.


� Field data are suggestive of adverse toxicological effects in the Florida panther due to mercury; however,
the interpretation of these data is complicated by the co-occurrence of several other potentially toxic
compounds, habitat degradation, and loss of genetic diversity.  Field data suggest that bald eagles have
not suffered adverse toxic effects due to airborne mercury emissions


� Reference doses (RfDs) for methylmercury, defined as chronic NOAELs, were determined for avian and
mammalian wildlife.  Each RfD was calculated as the toxic dose (TD) from laboratory toxicity studies,
divided by appropriate uncertainty factors.  The RfD for avian species is 21 µg/kg bw/d (mercury basis). 
The RfD for mammalian wildlife is 18 µg/kg bw/d (mercury basis).


� Based upon knowledge of mercury exposure to wildlife and its toxicity in long-term feeding studies,
criterion values can be calculated for the protection of piscivorous avian and mammalian wildlife.  A
wildlife criterion (WC) value is defined as the concentration of total mercury in water which, if not
exceeded, protects avian and mammalian wildlife populations from adverse effects resulting from
ingestion of surface waters and from ingestion of aquatic life taken from these surface waters.  


� The methylmercury criterion for protection of piscivorous avian wildlife is 74 pg/L (mercury basis).


� The methylmercury criterion for protection of piscivorous mammalian wildlife is 50 pg/L (mercury
basis).


� The final methylmercury criterion for protection of piscivorous wildlife species is 50 pg/L.  This value
corresponds to a total dissolved mercury concentration in the water column of 641 pg/L and
methylmercury concentrations in fish of 0.077 ppm (trophic level 3) and 0.346 ppm (trophic level 4).


� Modeled estimates of mercury concentration in fish around hypothetical mercury emissions sources
predict exposures within a factor of two of the WC.  The WC, like the human RfD, is predicted to be a
safe dose over a lifetime.  It should be noted, however, that the wildlife effects used as the basis for the
WC are gross clinical manifestations.  Expression of subtle adverse effects at these doses cannot be
excluded.


� The adverse effect level (population impacts on piscivorous wildlife) for methylmercury in fish that
occupy trophic level 3 lies between 0.077 and 0.3 ppm.  A comparison of this range of values with
published residue levels in fish suggests that it is probable that individuals of some highly exposed
wildlife subpopulations are experiencing adverse toxic effects due to airborne mercury emissions. 


There are many uncertainties associated with this analysis, due to an incomplete understanding of the
biogeochemistry and toxicity of mercury and mercury compounds.  The sources of uncertainty include the
following:


� Variability in the calculated BAFs is a source of uncertainty.  BAFs given in this Report relate
methylmercury in fish to dissolved methylmercury levels in the water column.  Methods for the
speciation of mercury in environmental samples are rapidly improving but remain difficult to perform. 
Questions also remain concerning the bioavailability of methylmercury associated with suspended
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particulates and dissolved organic material.  Local biogeochemical factors that determine net methylation
rates are not fully understood.  The food webs through which mercury moves are poorly defined in many
ecosystems, and may not be adequately represented by a four-tiered food chain model. 


� The representativeness of field data used in establishing the BAFs is a source of uncertainty.  The degree
to which the analysis is skewed by the existing data set is unknown.  A disproportionate amount of data is
from north-central and northeastern lakes.  The applicability of these data to a national-scale assessment
is unknown.  


� Limitations of the toxicity database present a source of uncertainty.   Few controlled studies of
quantifiable effects of mercury exposure in wildlife are available.  These are characterized by limited
numbers of dosage levels, making it difficult to establish NOAEL and LOAEL values.  The toxic
endpoints reported in most such studies can be considered severe, raising questions as to the degree of
protection against subtle effects offered by reference doses and WC values.  Use of less than lifetime
studies for prediction of effects from lifetime exposure is a source of uncertainty.


� Concerns exist regarding the possibility of toxic effects in species other than the piscivorous birds and
mammals evaluated in this Report.  Uncertainty exists about mercury effects in birds and mammals that
prey upon aquatic invertebrates and about possible effects on amphibians and aquatic reptiles. 
Uncertainty also exists about mercury effects in fish.  Toxicity to terrestrial ecosystems, in particular soil
communities, represents another source of uncertainty.    


� Lack of knowledge of wildlife feeding habits is a source of uncertainty.  Existing information frequently
is anecdotal or confined to evaluations of a particular locality; the extent to which this information can be
generalized is open to question.  In some instances wherein feeding habits are relatively well
characterized (e.g., Florida panther), the extent of mercury contamination of prey is poorly known (e.g.,
in raccoons).


� While the methods used to assess toxicity focus on individual-level effects, the stated goal of the
assessment is to characterize the potential for adverse effects in wildlife populations.  Factors that
contribute to uncertainty in population-based assessments include these: variability in the relationship
between individuals and populations; lack of data on carrying capacity; and relationships of one
population, of the same or different species, to another population.


� A focus on populations may not always be appropriate.  This could be true for endangered species, which
may be highly dependent for the survival of the species on the health of a few individuals.  This may also
be true for some regional or local populations of widespread species; the local population may be
"endangered" and, thus, dependent on the survival of individuals.


� Multiple stressor interactions involving chemical effects are in general poorly known.  Even less well
known are the possible effects of land and water use practices as they impact water quality and large-
scale ecosystem attributes (e.g., community structure and biodiversity).
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7. RESEARCH NEEDS


Mercury is unusual among environmental contaminants in that levels that are likely to cause significant
environmental damage exceed those thought to be present "naturally" by less than two (and perhaps closer to
one) order(s) of magnitude.  Conservative use of uncertainty factors can, therefore, lead to calculation of WC or
other similar criterion values that are lower than mercury residues present in even the most pristine systems. 
With this in mind, there are two general areas within which research progress must be made if environmental
assessments are to be improved.  The first area pertains to basic information on the fate and effects of mercury in
the environment, which would result in reduced use of uncertainty factors and ensure that WC, BAFs, and other
estimates are based on a mechanistic understanding of the relevant processes.  The second area is an
improvement in the ability to detect ecological damage when it is in fact occurring.  The present assessment of
the "ecological impacts" of anthropogenic mercury emissions is largely limited to consideration of toxic effects
on individuals.  Models that would permit extrapolation of these results to populations (the simplest extrapolation
of individual-based information) do not exist for most species.  Further extrapolation to communities and
ecosystems is presently out of the question.


Throughout this assessment, uncertainties, discussed above and elsewhere in the text, have limited the
scope of possible conclusions.  Although lack of sufficient data is a limiting factor in all phases of this
assessment, a number of research needs have emerged as being especially important.  These needs are presented
below in no particular order.


7.1 Process-based Research


Mechanistic information is needed to understand the variability that presently typifies the mercury
literature.  Laboratory and field studies must be conducted to identify the determinants of mercury accumulation
in aquatic food chains and to collect kinetic information that would allow researchers to describe the dynamics of
these systems.  Areas of uncertainty include:  (1) translocation of mercury from watersheds to waterbodies; (2)
factors that determine net rates of methylation and demethylation; (3) dietary absorption efficiency from natural
food sources; (4) effect of dietary choice; and (5) bioavailability of methylmercury in the presence of dissolved
organic material and other potential ligands.


In time, it is anticipated that this information can be used to develop process-based models for mercury
bioaccumulation in fish and other aquatic biota.  Significant progress in this direction is represented by the
Mercury Cycling Model (MCM) (Hudson et al., 1994) and by the GAS-ISC3 model described in Volume III of
this Report and employed in the wildlife exposure characterization.


7.2 Wildlife Toxicity Data


There is a need to reduce the present reliance on a relatively few toxicity studies for WC development. 
Additional data are needed for wildlife that constitute the most exposed organisms in various parts of the country,
and in particular there is need to evaluate whether dietary selenium and endogenous demethylating pathways
confer protection to piscivorous birds and mammals.  Toxicity studies should examine endpoints relevant to the
mode of action of methylmercury, including assessments of both reproductive and behavioral effects.  There is
also a critical requirement for toxicity data (e.g., growth and fecundity) that can be related to effects on
populations, including effects on organisms that comprise the lower trophic levels.  
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7.3 Improved Analytical Methods


Efforts to develop and standardize methods for analysis of total mercury and methylmercury in
environmental samples should be continued.  Such methods must recognize the importance of contamination,
both during the collection of such samples and during their analysis.  It is particularly important that mercury
measurements, which at present tend to be operationally defined (e.g., "soluble" or "adsorbed to organic
material"), be made in such a way that mercury residues in fish can be correlated with the bioavailable mercury
pool.  Whenever possible, water samples should be filtered to obtain a measure of dissolved mercury species.  As
validated methods become available, it is important to analyze for both total and methylmercury so that
differences between aquatic systems can be definitively linked to differences in methylmercury levels.  Analyzing
the two mercury species together will contribute to an understanding of existing data, much of which is reported
as total mercury.


7.4 Complexity of Aquatic Food Webs


Present efforts to develop WC values for mercury are based on linear, four-tiered food chain models. 
Research is needed to determine whether this simple paradigm is appropriate and to develop alternatives if field
data suggest otherwise.  Of particular interest is whether zooplankton and phytoplankton should be modeled as
two different trophic levels.  Current information for detritivores and benthic invertebrates is extremely limited,
even though their importance in mobilizing hydrophobic organic contaminants has been demonstrated.


7.5 Accumulation in Trophic Levels 1 and 2


Ongoing efforts to understand mercury bioaccumulation in aquatic systems continue to be focused on
trophic levels 3 and 4, despite the fact that uncertainties in PPFs are relatively small.  Additional emphasis should
be placed on research at the lower trophic levels.  In particular, there is a need to understand the determinants of
mercury accumulation in phytoplankton and zooplankton and how rapid changes in plankton biomass impact
these values.


7.6 Field Residue Data


High-quality field data are needed to support process-based research efforts and to determine residue
concentrations in the fish and other aquatic biota that wildlife eat.  Whenever possible, it is desirable to collect
residue data at all trophic levels and to analyze mercury levels in the abiotic compartments of a system (e.g.,
water and sediments).  It is particularly important that such measurements be made in a broader array of aquatic
ecosystem types (including both lakes and rivers) so that a better understanding of mercury cycling and
accumulation can be obtained.


Residue data from wildlife are needed to identify populations that are potentially at risk.  Feathers and
fur hold considerable promise in this regard due to the potential for "non-invasive" determination of mercury
residues.  Laboratory research is required, however, to allow interpretation of these data.  Factors such as age,
sex, and time to last molt are likely to result in variability among individuals of a single population and need to
be understood.  Whenever possible, tissue samples should be analyzed for both total and methylmercury, as well
as selenium.  This is especially true of the liver.  More attention should be given to analysis of mercury levels in
brain tissue, since this is the primary site of toxic action.  Sampling efforts with wildlife should be accompanied
by analyses of likely food items.  
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7.7 Natural History Data


The development of WC values requires knowledge of what wildlife eat.  Fish sampling efforts are
frequently focused on species that are relevant to human consumers but that may be of little significance to
wildlife.  There is an additional need to collect information for macroinvertebrates and amphibians.  Seasonal and
spatial effects on predation should be explored and methods developed to describe this information adequately. 
Additional life history data is needed to characterize fully the nature and extent of exposure to mercury. 
Complicating factors must be considered, including migratory behaviors and sex-specific differences in
distribution and resource allocation.  It is particularly important that information be collected to support the
development of predictive population models for sensitive species.  Such models must account for immigration
and emigration, density dependent factors, and the observation that mercury often bioaccumulates as animals age
resulting in variable residues in breeding animals from a single population.
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EXECUTIVE SUMMARY


Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, requires the U.S.
Environmental Protection Agency (EPA) to submit a study on atmospheric mercury emissions to
Congress.  The sources of emissions that must be studied include electric utility steam generating units,
municipal waste combustion units and other sources, including area sources.  Congress directed that the
Mercury Study evaluate many aspects of mercury emissions, including the rate and mass of emissions,
health and environmental effects, technologies to control such emissions, and the costs of such controls.


In response to this mandate, U.S. EPA has prepared an eight-volume Mercury Study Report to
Congress.  This document is a review of mercury fate and transport (Volume III of the Report).  The fate
and transport assessment is one component of the risk assessment of U.S. anthropogenic mercury
emissions.  The modeling summarized in this volume is paired with an assessment of exposure to human
and wildlife populations (Volume IV).  Conclusions drawn from these analyses are then integrated with
information in Volumes V and VI relating to human and wildlife health impacts of mercury in the Risk
Characterization Volume (Volume VII) of the Report.


Assessment Approach for Fate of Mercury


This assessment addresses atmospheric mercury emissions from selected, major anthropogenic
combustion and manufacturing source categories:  municipal waste combustors (MWCs), medical waste
incinerators (MWIs), coal- and oil-fired utility boilers, and chlor-alkali plants.  It does not address all
anthropogenic emission sources.


Extant mercury monitoring data for particular sources indicate that there is a relationship
between emissions and increased mercury concentrations in environmental media.  Available mercury
monitoring data around these sources are extremely limited, however, and no comprehensive data base
describing environmental concentrations has been developed.  To determine if there is a connection
between the above sources and increased environmental levels, EPA utilized exposure modeling
techniques to address many major scientific uncertainties.


The individual exposure assessment in this Report (Volume IV), which relies on the modeling
results presented in this volume, is considered to be a qualitative study based partly on quantitative
analyses; it is considered qualitative because of inherent uncertainties.  The exposure assessment draws
upon the available scientific information and develops two quantitative transport analyses, a long range
transport analysis and a local impact analysis.  It was intended that these two types of analyses would
provide a more complete estimate of the nation-wide impact of anthropogenic emission sources than
either analysis could provide individually.


The assessment of Volume III draws upon the available scientific information and presents
quantitative modeling analyses which examine the following:  (1) the long range transport of mercury
from emissions sources through the atmosphere; (2) the transport of mercury from emission sources
through the local atmosphere; and (3) the aquatic and terrestrial fate and transport of mercury at
hypothetical sites.  The results from these analyses are then applied in the exposure assessment of
Volume IV to determine the resulting exposures to hypothetical humans and animals that inhabit these
sites.
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Long Range Atmospheric Transport Analysis


The long range transport modeling was undertaken to estimate the regional and national impacts
of mercury emissions.  It focusses on the long range atmospheric transport of mercury and estimates the
impact of mercury across the continental U.S.  This type of modeling was conducted based on  the
atmospheric chemistry of emitted elemental mercury (Petersen et al., 1995) and the numerous studies
linking increased mercury concentrations in air, soil, sediments, and biota at remote sites to distant
anthropogenic mercury release followed by long range transport.  Details of several studies which
demonstrate the long range transport of mercury are presented in Chapter 2.  These provide ample
evidence to justify this assessment of long range mercury transport.


The long range transport of mercury was modeled using site-specific, anthropogenic emission
source data (presented in Volume II of this Report) to generate mean, annual atmospheric mercury
concentrations and deposition values across the continental U.S.  The Regional Lagrangian Model of Air
Pollution (RELMAP) atmospheric model was utilized to model cumulative mercury emissions from
multiple mercury emission sources.  Assumptions were made concerning the form and species of mercury
emitted from each source class.  The results of the RELMAP modeling were combined with a local scale
atmospheric model to assess average annual atmospheric mercury concentrations in air and annual
deposition rates.  The continental U.S. was divided into Western and Eastern halves along the line of 90
degrees west longitude.  The 50th and 90th percentiles of the predicted atmospheric concentrations and
deposition rates were then used. 


Analysis of Local-Scale Fate of Atmospheric Mercury


The local atmospheric transport of mercury released from anthropogenic emission sources was
undertaken to estimate the impacts of mercury from selected, individual sources.  The Industrial Source
Code air dispersion model (ISC3) was utilized to model these processes.  Model plants, defined as
hypothetical facilities which were developed to represent actual emissions from existing industrial
processes and combustion sources, were located in hypothetical locations intended to simulate a site in
either the Western or Eastern U.S.  This approach was selected because some environmental monitoring
studies suggest that measured mercury levels in environmental media and biota may be elevated in areas
around stationary industrial and combustion sources known to emit mercury.  


Assessment of Watershed Fate and Transport


Atmospheric concentrations and deposition rates were used as inputs to a series of terrestrial and
aquatic models referred to as IEM-2M.  IEM-2M is composed of two integrated modules that simulate
mercury fate using mass balance equations describing watershed soils and a shallow lake.  The results of
these terrestrial and aquatic models were used to predict mercury exposure to hypothetical humans
through inhalation, consumption of drinking water, and ingestion of soil, farm products (e.g., beef
products and vegetables), and fish.  These models were also used to predict mercury exposure in
hypothetical piscivorous (i.e., fish-eating) birds and mammals through their consumption of fish.  The
results of these models are utilized in the exposure assessment completed in Volume IV.
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Conclusions


� The present study in conjunction with available scientific knowledge supports a plausible link
between mercury emissions from anthropogenic combustion and industrial sources and mercury
concentrations in air, soil, water and sediments.  The critical variables contributing to this
linkage are these:


a) the species of mercury that are emitted from the sources;


b) the overall amount of mercury emitted from a combustion source;


c) atmospheric and climatic conditions;


d) reduction rates in the soil and water body;


e) erosion rates within the watershed; and


f) solids deposition and burial in the water body.


� The present study, in conjunction with available scientific knowledge, supports a plausible link
between mercury emissions from anthropogenic combustion and industrial sources and
methylmercury concentrations in freshwater fish.  The additional critical variables contributing
to this linkage are the following:


a) the extent (magnitude) of mercury methylation and demethylation in the water
body; and


b) the degree of complexation of mercury with DOC and solids.


� Mercury is a natural constituent of the environment; concentrations of mercury in many 
environmental media appear to have increased over the last 500 years.


� There is a lack of adequate mercury measurement data near the anthropogenic atmospheric
mercury sources considered in this report.  The lack of such measured data preclude a
comparison of the modeling results with measured data around these sources.  This shortage of 
data includes measured mercury deposition rates as well as measured concentrations in the local
atmosphere, soils, water bodies, and biota.


� From the atmospheric modeling analyses of mercury deposition and on a comparative basis, a
facility located in a humid climate has a higher annual rate of mercury deposition than a facility
located in an arid climate.  The critical variables are the estimated washout ratios of elemental
and divalent mercury as well as the annual amount of precipitation.  Precipitation removes
various forms of mercury from the atmosphere and deposits mercury to the surface of the earth. 
Of the species of mercury that are emitted, divalent mercury is predicted to generally deposit to
local environments near sources.  Elemental mercury is predicted to generally remain in the
atmosphere until atmospheric conversion to divalent species or uptake and retention by plant
leaves and the subsequent deposition as divalent species in litter fall.
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� On a national scale, an apportionment between specific sources of mercury and mercury in
environmental media and biota at particular locations cannot be described in quantitative terms
with the current scientific understanding of the environmental fate of mercury.


  
� From the modeling analysis and a review of field measurement studies, it is concluded that


mercury deposition appears to be ubiquitous across the continental U.S. and at, or above,
detection limits when measured with current analytic methods.


� Based on the RELMAP modeling analysis and a review of recent measurement data published in
peer-reviewed scientific literature, there is predicted to be a wide range of mercury deposition
rates across the continental U.S.  The highest predicted rates (i.e., above 90th percentile) are
about 20 times higher than the lowest predicted rates (i.e., below the 10th percentile).  Three
principal factors contribute to these modeled and observed deposition patterns:


a) emission source locations;


b) amount of divalent and particulate mercury emitted or formed in the atmosphere;
and


c) climate and meteorology.


� Based on the modeling analysis of the transport and deposition of stationary point source and
area source air emissions of mercury from the continental U.S., it is concluded that the following
geographical areas have the highest annual rate of deposition of mercury in all forms (above the
levels predicted at the 90th percentile):


a) the southern Great Lakes and Ohio River Valley;


b) the Northeast and southern New England; and


c) scattered areas in the South with the most elevated deposition occurring in the
Miami and Tampa areas.


Measured deposition estimates are limited, but are available for certain geographic regions.  The
data that are available corroborate the RELMAP modeling results for specific areas.


� Based on modeling analysis of the transport and deposition of stationary point source and area
source air emissions of mercury from the continental U.S., it is concluded that the following
geographical areas have the lowest annual rate of deposition of mercury in all forms (below the
levels predicted at the 10th percentile):


a) the less populated areas of the Great Basin, including southern Idaho,
southeastern Oregon, most of southern and western Utah, most of Nevada, and
portions of western New Mexico; and


b) Western Texas other than near El Paso, and most of northeastern Montana.


� Based on limited monitoring data, the RELMAP model predictions of atmospheric mercury
concentrations and wet deposition across the U.S. are comparable with typically measured data.
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� A number of factors appear to affect the local-scale atmospheric fate of mercury emitted by/from
major anthropogenic sources as well as the quantity of mercury predicted to deposit.  These
factors include the following:


a) the amounts of divalent and particulate mercury emitted;


b) parameters that influence the plume height, primarily the stack height and stack
exit gas velocity;


c) meteorology; and 


d) terrain.


� From the analysis of deposition and on a comparative basis, the deposition of divalent mercury
close to an emission source is greater for receptors in elevated terrain (i.e., terrain above the
elevation of the stack base) than for receptors located in flat terrain (i.e., terrain below the
elevation of the stack base).  The critical variables are parameters that influence the plume
height, primarily the stack height and stack exit gas velocity.


� Modeling estimates of the transport and deposition of stationary point source and area source air
emissions of mercury from the continental U.S. have revealed the following partial mass balance.


-- Of the total amount of elemental mercury vapor that is emitted, about 1 percent
(0.9 metric tons/yr) may be atmospherically transformed into divalent mercury
by tropospheric ozone and adsorbed to particulate soot in the air and
subsequently deposited in rainfall and snowfall to the surface of the continental
U.S.  The vast majority of emitted elemental mercury does not readily deposit
and is transported outside the U.S. or vertically diffused to the free atmosphere
to become part of the global cycle.


-- Nearly all of the elemental mercury vapor emitted from other sources around the
globe also enters the global cycle and can be deposited slowly to the U.S.  Over
30 times as much elemental mercury vapor is deposited from these other sources
than from stationary point sources and area sources within the continental U.S. 


-- Of the total amount of divalent mercury vapor that is emitted, about 70 percent
(36.8 metric tons/year) deposits to the surface through wet or dry processes
within the continental U.S.  The remaining 30 percent is transported outside the
U.S. or is vertically diffused to the free atmosphere to become part of the global
cycle.


-- Of the total amount of particulate mercury that is emitted, about 38 percent (10.0
metric tons/year) deposits to the surface through wet or dry processes within the
continental U.S.  The remaining 62 percent is transported outside the U.S. or is
vertically diffused to the free atmosphere to become part of the global cycle.


� Given the simulated deposition efficiencies for each form of mercury air emission (namely;
elemental mercury - 1 percent, divalent mercury vapor - 70 percent, and particulate mercury - 38
percent) the relative source contributions to the total anthropogenic mercury deposited to the
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continental U.S. are strongly and positively correlated to the mass of emissions in oxidized form. 
This oxidized mercury occurs in both gaseous (Hg ) and particulate (Hg ) forms.  While coal2+


p


combustion is responsible for more than half of all emissions of mercury in the inventory of U.S.
anthropogenic sources, the fraction of coal combustion emissions in oxidized form is thought to
be less than that from waste incineration and combustion.  The true speciation of mercury
emissions from the various source types modeled is still uncertain and is thought to vary, not
only among source types, but also for individual plants as feed stock and operating conditions
change.  With further research, it may be possible to make a confident ranking of relative source
contributions to mercury deposition in the continental U.S.  However, no such confident ranking
is possible at this time.  Given the total mass of mercury thought by EPA to be emitted from all
anthropogenic sources and EPA’s modeling of the atmospheric transport of emitted mercury,
coal combustion and waste disposal most likely bear the greatest responsibility for direct
anthropogenic mercury deposition to the continental U.S.


� Based on the local scale atmospheric modeling results in flat terrain, at least 75 percent of the
emitted mercury from each facility is predicted to be transported more than 50 km from the
facility.


� The models used in the analysis as well as the assumptions implemented concerning the species
of mercury emitted and the wet and dry deposition velocities associated with atmospheric
mercury species indicate that deposition within 10 km of a facility may be dominated by
emissions from the local source rather than from emissions transported from regional mercury
emissions sources, with some exceptions.  Specifically, the models predict that in the Eastern
U.S., individual large anthropogenic sources dominate predicted mercury deposition within 2.5
km; chlor-alkali facilities are predicted to dominate up to 10 km from the source.  In the western
site, the models predict that the dominance of local source mercury deposition in emissions
extends beyond the predicted range of the eastern site.


� Of the mercury deposited to watershed soils, a small fraction is ultimately transported to the
water  body.  Deposition to and evasion from soils as well as the amount of reduction in upper
soil layers are important factors in the determining soil concentration of mercury.  In forested
watersheds canopy interactions can provide significant fluxes both to and from the atmosphere.
Mercury from litter fall may be an important source of mercury to some soils and water bodies,
but the magnitude of the contribution from this source is uncertain at this time. 


� The net mercury methylation rate (the net result of methylation and demethylation) for most soils
appears to be quite low with much of the measured methylmercury in soils potentially resulting
from wet fall.  A significant and important exception to this appears to be wetlands.  Wetlands
appear to convert a small but significant fraction of the deposited mercury into methylmercury;
which can be exported to nearby water bodies and potentially bioaccumulated in the aquatic food
chain.


� Both watershed erosion and direct atmospheric deposition can be important sources of mercury
to the water body depending on the relative sizes of the water body and the watershed.


� There appears to be a great deal of variability in the processing of mercury among bodies of
water.   This variability extends to water bodies that have similar and dissimilar physical
characteristics.   Important properties influencing the levels of  total mercury and methylmercury
in a water body include: pH, anoxia, DOC, productivity, turbidity, and the presence of wetlands. 
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� Some of the mercury entering a water body is methylated predominately through biotic processes
forming methylmercury (predominately monomethylmercury).  Methylmercury is accumulated
and retained by aquatic organisms.  Important factors influencing bioavailability of
methylmercury to aquatic organisms include DOC and solids, which complex methylmercury and
reduce the bioavailable pool. 


� Methylmercury is bioaccumulated in predatory species of the aquatic food chain.  The
concentrations of methylmercury in fish muscle tissue are highly variable across water bodies. 
Within a given body of water methylmercury concentrations generally increase with fish size and
position within the trophic structure.


To improve the quantitative environmental fate component of the risk assessment for mercury and
mercury compounds, U.S. EPA would need more and better mercury emissions data and measured
mercury data near sources of concern, as well as a better quantitative understanding of mercury
chemistry in the emissions plume, the atmosphere, soils, water bodies and biota.  Specific needs
include these.


Mercury in the Atmosphere


� aqueous oxidation-reduction kinetics in atmospheric water droplets


� physical adsorption and condensation of divalent mercury gas to ambient
particulate matter


� photolytic reduction of particle-bound divalent mercury by sunlight


� convincing evidence that gas-phase oxidation of mercury is insignificant


Mercury in Soils and Water Bodies


� uptake and release kinetics of mercury from terrestrial and aquatic plants


� biogeochemical mercury transport and transformation kinetics in benthic
sediments


� methylation, demethylation, and reduction kinetics in water bodies


� sorption coefficients to soils, suspended solids, and benthic solids


� complexation to organic matter in water bodies


� more data to better discern seasonal trends


� reduction kinetics in soils


� mercury mass balance studies in wetlands
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Information Leading to an Improved Quantitative Understanding of Aquatic Bioaccumulation
Processes and Kinetics


� uptake kinetics by aquatic plants and phytoplankton


� partitioning and binding behavior of mercury species within organisms


� metabolic transformations of mercury, and the effect on uptake, internal
distribution, and excretion


� more measurements of methylmercury concentrations in fish for better
identification of the range in fish species.


� more measurements of methylmercury concentrations in other biotic components
of the aquatic environment such as benthic and macro invertebrates and aquatic
macrophytes 
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1. INTRODUCTION


Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, requires the U.S.
Environmental Protection Agency (EPA) to submit a study on atmospheric mercury emissions to
Congress.  The sources of emissions that must be studied include electric utility steam generating units,
municipal waste combustion units, and other sources, including area sources.  Congress directed that the
Mercury Study evaluate many aspects of mercury emissions, including the rate and mass of emissions,
health and environmental effects, technologies to control such emissions, and the costs of such controls.


In response to this mandate, EPA has prepared an eight-volume Mercury Study Report to
Congress.  The eight volumes are as follows:


I. Executive Summary
II. An Inventory of Anthropogenic Mercury Emissions in the United States
III. Fate and Transport of Mercury in the Environment
IV. An Assessment of Exposure to Mercury in the United States
V. Health Effects of Mercury and Mercury Compounds
VI. An Ecological Assessment for Anthropogenic Mercury Emissions in the United States
VII. Characterization of Human Health and Wildlife Risks from Mercury Exposure in the


United States
VIII. An Evaluation of Mercury Control Technologies and Costs


This document, which constitutes Volume III of the Report to Congress, is a review of processes
involving the environmental fate of mercury.  This analysis is one element of the human health and
ecological risk assessment of U.S. anthropogenic mercury (Hg) emissions.  The fate and transport of
mercury in the atmosphere as well as through watershed compartments is modeled here; the model results
are paired with  an assessment of exposure to humans and wildlife in Volumes IV and VI, respectively. 
The information in these two documents is then integrated with information relating to human and
wildlife health impacts of mercury in Volume VII of the report.


This assessment addresses the atmospheric fate and transport of atmospheric mercury emissions
from selected, major anthropogenic combustion and manufacturing sources:  municipal waste combustors
(MWC), medical waste incinerators (MWI), coal- and oil-fired utility boilers, and chlor-alkali plants
(CAP).  This volume does not address all anthropogenic emission sources discussed in Volume II.


Volume III is composed of nine chapters and four appendices.  The Introduction is followed by
Chapter 2, which summarizes the natural environmental fate processes that comprise the mercury cycle
and lead to the dispersion of anthropogenic mercury in environmental media (i.e., air, rain water, soil and
surface waters and benthic sediments) and biota (i.e., plants and animals).  Chapter 3 briefly describes the
measured mercury concentrations in these media.


The fate and transport modeling of mercury is presented in Chapters 4, 5 and 6.  Chapter 4
describes the models and modeling approach utilized in this analysis.  Figure 1-1 provides an overview of
the fate and transport models used and the exposure routes considered.  These models include the long
range atmospheric transport model (RELMAP), the local scale atmospheric transport model (ISC3) and
the aquatic and terrestrial fate, transport, and exposure models (IEM-2M).
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Figure 1-1


Fate, Transport and Exposure Modeling Conducted in the Combined ISC3 and RELMAP Local Impact Analysis
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Figure 1-1
Fate, Transport and Expsoure Modeling Conducted in the Combined ISC3 and RELMAP Local Impact Analysis
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Results obtained from modeling the local and long range atmospheric dynamics of mercury using
ISC3 and RELMAP are discussed in Chapter 5.  Chapter 6 describes the results of the fate of mercury as
modeled in terrestrial and aquatic environments.  To accomplish this, model plants were developed to
represent major anthropogenic combustion and manufacturing sources:  MWCs, MWIs, coal- and oil-
fired utility boilers, and CAPs.  The atmospheric fate and transport processes of the mercury emissions
from these representative model plants were modeled on a local scale by the ISC3 model.  The 50th and
90th percentiles of atmospheric mercury concentrations and the deposition rates that were predicted by
the RELMAP model for the Eastern and Western halves of the U.S. were added to the predicted mercury
air concentrations and deposition rates that result from individual model plants at 2.5, 10, and 25
kilometers.  These sums were used as inputs to the aquatic and terrestrial fate models (IEM-2M) at the
hypothetical Western and Eastern U.S. sites (see Figure 1-1).


Chapter 7 summarizes the conclusions of this volume, including the extent to which the analysis
demonstrates a plausible link between anthropogenic mercury sources and mercury contamination in the
environment.  Further research needs are specified in Chapter 8.  Chapter 9 lists all references cited in
this volume.


The four appendices to Volume III are as follows:  Atmospheric Modeling Parameters,
Watershed and Waterbody Modeling Parameters,  Model Plant Descriptions, and Bioaccumulation Factor
Development and Uncertainty Analysis.


Extant mercury monitoring data for particular sources indicate that there is a relationship
between emissions and increased mercury in environmental media.  Available mercury monitoring data
around these sources are extremely limited, however, and no comprehensive data base describing
environmental concentrations has been developed.  To determine if there is a connection between the
above sources and increased environmental mercury concentrations, EPA utilized current modeling
techniques to address many major scientific uncertainties.  Because of the major uncertainties inherent to
these techniques, the modeling component of this report is essentially a qualitative study based partly on
quantitative analyses.  Uncertainties include the following:


� Comprehensive emission data for various anthropogenic and natural sources are not
available.  This reflects the current developmental nature of emission speciation
methods, resulting in few data on the various species and proportions of mercury in
vapor and solid forms emitted.  Both elemental and divalent mercury species as well as
gaseous and particulate forms are known to be emitted from point sources.


� Atmospheric chemistry data are incomplete.  Some atmospheric reactions of mercury,
such as the oxidation of elemental mercury to divalent mercury in cloud water droplets
have been reported.  There may exist other chemical reactions in the atmosphere that
reduce divalent species to elemental mercury that have not been reported.


� There is inadequate information on the atmospheric processes that affect wet and dry
deposition of mercury.  Atmospheric particulate forms and divalent species of mercury
are thought to wet and dry deposit more rapidly than elemental mercury; however, the
relative rates of deposition are uncertain. 


� There is no validated local air pollution model that estimates wet and dry deposition of
vapor-phase compounds.
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� There is significant uncertainty regarding the reduction and revolatilization of deposited
mercury in soils and water bodies.


� There is a lack of information concerning the movement of mercury from watershed soils
to water bodies.


� More data are needed quantifying the kinetics of mercury methylation and demethylation
in different types of water bodies.


� There is a lack of data on the transfer of mercury between environmental compartments
and biologic compartments; for example, the link between the amount of mercury in the
water body and the levels in fish appears to vary from water body to water body.


The assessment draws upon the available scientific information and presents quantitative
modeling analyses that examine:  (1) the long range transport of mercury through the atmosphere; (2) the
transport of mercury through the local atmosphere; (3) the aquatic and terrestrial fate and transport of
mercury at hypothetical sites; and finally (4) the resulting exposures to hypothetical humans and animals
that inhabit these sites.  It was intended that these analyses would provide a more complete estimate of
the impact of anthropogenic emission sources than an individual analysis.


1.1 Long-Range Atmospheric Transport Modeling


The long range transport modeling was undertaken to estimate the regional and national impacts
of mercury emissions.  It focusses on the long range atmospheric transport of mercury and estimates the
impact of mercury across the continental U.S.  This type of modeling was conducted based on the
atmospheric chemistry of emitted elemental mercury (Petersen et al., 1995) and the numerous studies
linking increased mercury concentrations in air, soil, sediments, and biota at remote sites to distant
anthropogenic mercury release followed by long-range transport.  Details of several studies that
demonstrate the long range transport of mercury are presented in Chapter 2.  These provide ample
evidence to justify this assessment of long-range mercury transport.


The long range transport of mercury was modeled using site-specific, anthropogenic emission
source data (presented in Volume II of this Report) to generate mean, annual atmospheric mercury
concentrations and deposition values across the continental U.S.  The Regional Lagrangian Model of Air
Pollution (RELMAP) atmospheric model was utilized to model cumulative mercury emissions from
multiple mercury emission sources.  Assumptions were made concerning the form and species of
mercury emitted from each source class.  The results of the RELMAP modeling were combined with a
local scale atmospheric model to assess average annual atmospheric mercury concentrations in air and
annual deposition rates.  The continental U.S. was divided into Western and Eastern halves along the line
of 90� west longitude.  The 50th and 90th percentile of the predicted atmospheric concentrations and
deposition rates were then used.


1.2 Local Atmospheric Transport Modeling


The local atmospheric transport of mercury released from anthropogenic emission sources was
undertaken to estimate the impacts of mercury from selected, individual sources.  The Industrial Source
Code air dispersion model (ISC3) was utilized to model these processes.  Model plants, defined as
hypothetical facilities that were developed to represent actual emissions from existing industrial
processes and combustion sources, were located in hypothetical locations intended to simulate a site in
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either the Western or Eastern U.S.  This approach was selected because some environmental monitoring
studies suggest that measured mercury levels in environmental media and biota may be elevated in areas
around stationary industrial and combustion sources known to emit mercury. 


1.3 Modeling  Terrestrial and Aquatic Fate of Mercury 


Chapter 6 uses atmospheric concentrations and deposition rates from this volume as inputs to a
series of terrestrial and aquatic models. These were initially described in U.S. EPA's (1990) Methodology
for Assessing Health Risks to Indirect Exposure from Combustor Emissions and a 1994 Addendum.  In
response to reviewer comments, these models have been updated and are now identified collectively as
IEM-2M.  IEM-2M is composed of two integrated modules that simulate mercury fate using mass
balance equations describing watershed soils and a shallow lake.  IEM-2M simulates three chemical
components:  elemental mercury (Hg ), divalent mercury (HgII), and methyl mercury (MHg).   The mass0


balances are performed for each mercury component, with internal transformation rates linking Hg ,0


HgII, and MHg.  Sources include wetfall and dryfall loadings of each component to watershed soils and
to the water body as well as diffusion of atmospheric Hg  vapor to watershed soils and the water body. 0


Sinks include leaching of each component from watershed soils, burial of each component from lake
sediments, volatilization of Hg  and MHg from the soil and water column, and advection of each0


component out of the lake.


At the core of IEM-2M are 9 differential equations describing the mass balance of each mercury
component in the surficial soil layer, in the water column, and in the surficial benthic sediments.  The
equations are solved for a specified interval of time, and predicted concentrations are output at fixed
intervals.  For each calculational time step, IEM-2M first performs a terrestrial mass balance to obtain
mercury concentrations in watershed soils.  Soil concentrations are used along with vapor concentrations
and deposition rates to calculate concentrations in various food plants.  These are used, in turn, to
calculate concentrations in animals. IEM-2M simultaneously performs an aquatic mass balance driven by
direct atmospheric deposition along with runoff and erosion loads from watershed soils.  MHg
concentrations in fish are derived from dissolved MHg water concentrations using bioaccumulation
factors (BAF).


Mercury residues in fish were estimated by making the simplifying assumption that aquatic food
chains can be adequately represented using four trophic levels.  These trophic levels are the following: 
level 1 - phytoplankton (algal producers); level 2 - zooplankton (primary herbivorous consumers); level 3
- small forage fish (secondary consumers); and level 4 - larger, piscivorous fish (tertiary consumers). 
This type of food chain typifies the pelagic assemblages found in large freshwater lakes, and has been
used extensively to model bioaccumulation of hydrophobic organic compounds. It is recognized,
however, that food chain structure can vary considerably among aquatic systems resulting in large
differences in bioaccumulation in a given species of fish.  In addition, this simplified structure ignores
several important groupings of organisms, including benthic detritivores, macroinvertebrates, and
herbivorous fishes.  A second simplifying assumption utilized in this effort was that methylmercury
concentrations in fish are directly proportional to dissolved methylmercury concentrations in the water
column.  It is recognized that this relationship can vary widely among both physically similar and
dissimilar water bodies.  Methylmercury concentrations in fish were derived from predicted water
column concentrations of dissolved methylmercury by using BAFs for trophic levels 3 and 4.  The BAFs
selected for these calculations were estimated from existing field data.  Respectively, these BAFs
(dissolved methylmercury basis) are 1.6 x 10  and 6.8 x 10 .  6 6
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The results of these terrestrial and aquatic models were used to predict mercury concentrations in
environmental media and biota.


1.4 Exposure Modeling Rationale


The results of these modeling efforts are used in Volumes IV and VI to predict exposures to
hypothetical humans and wildlife. This section explains the decision to estimate mercury exposure based
on the results of environmental fate modeling of stack emissions from anthropogenic sources rather than
attempting an assessment based on monitoring data.


Exposure to mercury for the purpose of this assessment may be broadly defined as chemical
contact with the outer boundary of an organism (also called a receptor).  An organism's contact with
mercury may occur through several different exposure routes, including dermal, inhalation, and oral.  The
assessment of mercury exposure is complicated by the physical and chemical properties of this naturally
occurring element; factors include the different physical forms manifested in the environment, the
different oxidative states exhibited, and the duality of its environmental behavior as both a metallic and
an organic compound.  Mercury is present in many different potential contact media.  In addition, the
uncertain accuracy of analytical techniques, particularly at low environmental concentrations, and
problems with contamination during environmental sampling complicate an assessment of exposure.


Mercury is generally present as a low-level contaminant in combustion materials such as coal,
medical wastes, and municipal solid wastes.  Unlike dioxin it is not created during the combustion
process but is released by it.  At temperatures typical of many combustion and manufacturing processes,
mercury is emitted in a gaseous form rather than a particulate form; therefore, it is difficult to control
mercury emissions from the source.


Anthropogenic mercury emissions are not the only source of mercury to the atmosphere. 
Mercury, under certain conditions, may be introduced into the atmosphere through volatilization from
natural sources such as lakes and soils; for example, some areas in the western U.S. appear to have
naturally elevated mercury levels.  Consequently, it is difficult to trace the source(s) of the mercury in
environmental media and biota and estimate the impact of any one source type.


Existing environmental concentrations are a potential source of mercury exposure to both
humans and animal species.  These existing environmental concentrations, often referred to as
background mercury concentrations, were estimated and included in this effort.


Mercury has always been present at varying levels in environmental media and biota, and all
mercury is, in a sense, naturally occurring; that is, mercury is not a substance of human origin. 
Anthropogenic activities are thought to redistribute mercury from its original matrix through the
atmosphere to other environmental media.  Numerous studies indicate that the amount of mercury being
deposited from the atmosphere has increased since the onset of the industrial age (Nater and Grigal,
1992; Johansson et al., 1991; Swain et al., 1992).  Some of the deposited mercury arises from natural
sources and some from anthropogenic activities. 


Many different yet valid approaches may be used to obtain estimates of mercury exposure. 
These include:  direct measurement of mercury concentrations in source emissions (e.g., stack monitoring
data), environmental media (e.g., air, soil or water monitoring), and biota (e.g., fish and flora); direct
measurement of mercury concentrations at the expected points of receptor contact (e.g., house or office
air monitoring data, measurement of receptor food sources or drinking water); and direct measurements
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of mercury concentrations in the tissues of human and wildlife receptors (e.g., hair samples, feather
samples, muscle samples and leaf samples).


It was decided to model the emissions data from the stacks of combustion sources and industrial
processes rather than use the existing measurement data alone.  Extant measured mercury data alone were
judged insufficient to assess adequately the impact of anthropogenic mercury releases on human and
wildlife exposures, the primary goal of the study.  The discomfort with the available data arose from the
lack of extensive measurement data near U.S. anthropogenic sources of concern.  It is likely that these
data will be available in the near future.


This assessment utilizes the results of measured mercury emissions from selected anthropogenic
sources to estimate exposure.  The emissions inventory used in this assessment is found in Volume II of
the Report to Congress.  Using a series of environmental fate models and hypothetical scenarios, the
mercury concentrations in environmental media and pertinent biota were estimated.  Ultimately in
Volume IV and VI mercury contact with human and wildlife receptors was estimated.  In Volume IV of
this document an effort was made to estimate the amount of contact with mercury as well as the oxidative
state and form of mercury contacted.  No attempt was made to estimate an internal dose for either the
animal or human receptors.


There is a great deal of uncertainty in the modeling approach selected to estimate exposure. 
There is uncertainty in both the predicted fate and transport of this metal and the ultimate estimates of
exposure.  This uncertainty can be divided into modeling uncertainty and parameter uncertainty. 
Parameter uncertainty can be further subdivided into uncertainty and variability depending upon the
degree to which a particular parameter is understood.  Research needs are identified toward reducing
these key uncertainties and are presented in Chapter 8.


1.5 Factors Important in Modeling of Mercury Exposure


Factors important in the estimation of mercury exposures modeled in this study are listed in
Table 1-1.  This table briefly describes the possible effects of these factors on the fate, transport and
exposure to mercury and the means by which these were addressed.  More details are provided in
subsequent sections describing the modeling analyses.
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Table 1-1
Factors Potentially Important in Estimating Mercury Exposure and


How They Are Addressed in This Study


Factor on Mercury Exposure in this Study
Importance and Possible Effect Means of Addressing


Type of anthropogenic Different combustion and industrial process sources Four main source categories, with a total of 11
source of mercury are anticipated to have different local scale impacts different source types, selected based on their


due to physical source characteristics (e.g., stack estimated annual mercury emissions or potential to
height), the method of waste generation (e.g., be localized point sources of concern.
incineration or mass burn) or mercury control devices
and their effectiveness.


Mercury emission rates Increased emissions will result in a greater chance of Emissions of model plants based on emissions
from stack adverse impacts on environment. inventory.


Mercury species More soluble species will tend to deposit closer to the Two species considered to be emitted from source:
emitted from stack source. elemental and divalent mercury


Form of mercury Transport properties can be highly dependent on Both vapor and particle-bound fractions considered.
emitted from stack form.


Deposition differences Vapor-phase forms may deposit significantly faster Deposition (wet and dry) of vapor-phase forms
between vapor and than particulate-bound forms. calculated separately from particulate-bound
particulate-bound deposition.
mercury


Transformations of Relatively nontoxic forms emitted from source may Equilibrium fractions estimated in all environmental
mercury after emission be transformed into more toxic compounds. media for three mercury species:  elemental mercury,
from source divalent species, and methylmercury.


Transformation of Reduction and revolatilization of mercury in soil Rate constants are estimated from measured evasion
mercury in watershed limits the buildup of concentration. fluxes at three locations, as reported in scientific
soil literature.


Transport of mercury Mercury in watershed soils can be a significant Runoff and erosion rates are calculated as a function
from watershed soils to source to water bodies and subsequently to fish. of average meteorological and watershed
water body characteristics.


Transformation of Reduction, methylation, and demethylation of Rate constants are estimated from the scientific
mercury in water body mercury in water bodies affect the overall literature, and are calibrated to give the average


concentration and the MHg fraction, which is observed MHg fraction.
bioaccumulated in fish.


Facility locations Effects of meteorology and terrain may be significant. Both a humid and less humid site considered.  Effect
of terrain on results addressed separately.


Location relative to Receptors located downwind are more likely to have Three distances in downwind direction considered.
local mercury source higher exposures.  Influence of distance depends on


source type.


Contribution from non- Important to keep predicted impacts of local sources Results of local mercury source are combined with
local sources of in perspective. estimate of impact from non-local sources from
mercury RELMAP.


Uncertainty Reduces confidence in ability to estimate exposure Probabilistic capabilities possible for any
accurately. combination of sources and scenarios.  In the current


study, limited uncertainty analyses conducted for
major aspects of atmospheric transport modeling .
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1.6 Definition of Terms


Definitions for the following terms related to the fate and transport of mercury were largely
adapted from the Expert Panel on Mercury Atmospheric Processes (1994), and EPA (1975, 1976).


Anthropogenic Mercury Emissions
The mobilization or release of mercury by human activity that results in a mass transfer of
mercury to the atmosphere.


Bioaccumulation Factor
The equilibrium concentration of a chemical in a biological medium divided by the equilibrium
concentration of a chemical in an environmental medium.  While similar to a bioconcentration
factor, a bioaccumulation factor is designed not only to predict chemical uptake through direct
contact with or uptake from an environmental medium, but also to account for any food chain
pathways that may in some manner connect the environmental medium to the biological medium
of interest.


Bioavailability
The state of being capable of being absorbed and available to interact with the metabolic
processes of an organism.  Bioavailability is typically a function of chemical properties, the
physical state of the material to which an organism is exposed, and the ability of the individual
organism to physiologically take up the chemical.  


Bioconcentration Factor
The equilibrium concentration of a chemical in a biological medium divided by the equilibrium
concentration of a chemical in an environmental medium.  The parameter is typically used to
predict chemical uptake through contact with or uptake from an environmental medium. 


Biotransfer Factor
The equilibrium concentration of a chemical in animal tissue divided by the daily intake of the
chemical.


Contact Rate
The frequency of an exposure.  Generally expressed as the product of an amount of a medium per
event and the number of events per a given unit of time.


Current Background Mercury Concentrations
Concentrations of mercury in the abiotic and biotic components of the environment that have
resulted from natural mercury concentrations and anthropogenic activities.


Erosion
The removal of soil particles by wind and water.  Water erosion is usually characterized by one
or more of the following types of erosion: raindrop erosion, sheet erosion, rill erosion, gully
erosion, and streambank erosion.  Raindrops start soil erosion by detaching soil particles.  They
aggravate soil erosion by compacting the soil surface and reducing its ability to infiltrate water. 
Sheet erosion is the removal of a thin layer of soil resulting from sheet flow of water.  It has a
high  transport capability.  Rill erosion is on steeper slopes where channels with depths of up to
one foot are formed. Gully erosion represents an advanced form of soil erosion from
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concentrated storm runoff.  Streambank erosion is the erosion of soil from stream channels, both
on the banks and on the stream beds.


Exposure
Contact of a chemical, physical or biological agent with the outer boundary of an organism. 
Exposure is quantified as the concentration of the agent in the medium in contact, integrated
over the time duration of the contact.


Exposure Scenario
A set of facts, assumptions, and inferences about how exposure takes place that aids the
exposure assessor in evaluating estimating, or quantifying exposures.


Natural Background Mercury Concentrations
Concentrations of mercury in the abiotic and biotic components of the environment that resulted
from natural mercury concentrations.  These concentrations existed prior to the onset of
anthropogenic activities.


Natural Mercury Emissions
The mobilization or release of mercury from environmental sources by natural biotic or abiotic
activities that results in a mass transfer of mercury to the atmosphere.


Pathway
The physical course a chemical or pollutant takes from the source to the exposed organism.


Re-emitted Mercury 
Mass transfer of mercury to the atmosphere by biotic and geological processes drawing on a
pool of mercury that was deposited to the earth's surface after initial mobilization by either
anthropogenic or natural activities.


Mercury Dry Deposition 
Mass transfers of gaseous, aerosol or particulate mercury species from the atmosphere to the
earth's surface (either aquatic or terrestrial, including vegetation) in the absence of
precipitation.


Mercury Wet Deposition
Mass transfers of dissolved gaseous or suspended particulate mercury species from the
atmosphere to the earth's surface (either aquatic or terrestrial) by precipitation.


Local Scale 
A relative term, used to describe the area within which emissions travel within one diurnal cycle
(generally 100 Km from source but for this analysis 50 Km from the source).  Local influences
are characterized by measurable pollutant concentration gradients with relatively large
fluctuations in air concentrations caused by meteorological factors such as wind direction.


Regional Scale 
A relative term, used to describe the area within which emissions travel in more than one diurnal
cycle (generally 100 to 2000 Km from a source).  The regional scale describes areas sufficiently
remote or distant from large emission sources so that concentration fields are rather
homogeneous, lacking measurable gradients.
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Runoff
That portion of the precipitation that appears in surface streams.  Surface runoff (or overland
flow) is water that travels over the ground surface.  Subsurface runoff (interflow, storm seepage)
is water that has infiltrated the surface soil and moved laterally through the upper soil horizons. 
Groundwater runoff is water that has infiltrated the surface soil, percolated to the general
groundwater table, and then moved laterally to the water body.
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2.1.1 Chemistry of Mercury


Elemental mercury is a heavy, silvery-white liquid metal at typical ambient temperatures and
pressures.  The vapor pressure of mercury metal is strongly dependent upon temperature, and it vaporizes
readily under ambient conditions.  Its saturation vapor pressure of 14 mg/m  greatly exceeds the average3


permissible concentrations for occupational (0.05 mg/m ) or continuous environmental exposure (0.0153


mg/m ) (Nriagu, 1979; WHO, 1976).  Elemental mercury partitions strongly to air in the environment3


and is not found in nature as a pure, confined liquid.  Most of the mercury encountered in the atmosphere
is elemental mercury vapor.


Mercury can exist in three oxidation states:  Hg  (metallic), Hg  (mercurous), and Hg0 2+ 2+
2


(mercuric-Hg(II)).  The properties and chemical behavior of mercury strongly depend on the oxidation
state.  Mercurous and mercuric mercury can form numerous inorganic and organic chemical compounds;
however, mercurous mercury is rarely stable under ordinary environmental conditions.  Mercury is
unusual among metals because it tends to form covalent rather than ionic bonds.  Most of the mercury
encountered in water/soil/sediments/biota (all environmental media except the atmosphere) is in the form
of inorganic mercuric salts and organomercurics.  Organomercurics are defined by the presence of a
covalent C-Hg bond.  The presence of a covalent C-Hg bond differentiates organomercurics from
inorganic mercury compounds that merely associate with the organic material in the environment but do
not have the C-Hg bond.  The compounds most likely to be found under environmental conditions are
these:  the mercuric salts HgCl , Hg(OH)  and HgS; the methylmercury compounds, methylmercuric2 2


chloride (CH HgCl) and methylmercuric hydroxide (CH HgOH); and, in small fractions, other3 3


organomercurics (i.e., dimethylmercury and phenylmercury). 


Mercury compounds in the aqueous phase often remain as undisassociated molecules, and the
reported solubility values reflect this.  Solubility values for mercury compounds which do not
disassociate are not based on the ionic product.  Most organomercurics are not soluble and do not react
with weak acids or bases due to the low affinity of the mercury for oxygen bonded to carbon. 
CH HgOH, however, is highly soluble due to the strong hydrogen bonding capability of the hydroxide3


group.  The mercuric salts vary widely in solubility.  For example HgCl  is readily soluble in water, and2


HgS is as unreactive as the organomercurics due to the high affinity of mercury for sulfur.  A detailed
discussion of mercury chemistry can be found in Nriagu (1979) and Mason et al. (1994).


2.1.2 The Mercury Cycle


Given the present understanding of the mercury cycle, the flux of mercury from the atmosphere
to land or water at any one location is comprised of contributions from:


� The natural global cycle,


� The global cycle perturbed by human activities,


� Regional sources, and


� Local sources.


Recent advances allow for a general understanding of the global mercury cycle and the impact of
anthropogenic sources.  It is more difficult to make accurate generalizations of the fluxes on a regional or
local scale due to the site-specific nature of emission and deposition processes.
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2.1.2.1 The Global Mercury Cycle


As a naturally occurring element, mercury is present throughout the environment in both
environmental media and biota.  Nriagu (1979) estimated the global distribution of mercury and
concluded that by far the largest repository is ocean sediments.  Nriagu estimated that the ocean
sediments may contain about 10  g of mercury, mainly as HgS.  Nriagu also estimated that ocean waters17


contain around 10  g, soils and freshwater sediments 10  g, the biosphere 10  g (mostly in land biota),13 13 11


the atmosphere 10  g and freshwater on the order of 10  g.  This budget excludes "unavailable" mercury8 7


in mines and other subterranean repositories.  A more recent estimate of the global atmospheric
repository by Fitzgerald (1994) is 25 Mmol or approximately 5×10 g.  The estimate of Fitzgerald (1994)9 


is 50 times the previous estimate of Nriagu (1979) and illustrates how rapidly the scientific
understanding of environmental mercury has changed in recent years.


Several authors have used a number of different techniques to estimate the pre-industrial
mercury concentrations in environmental media before anthropogenic emissions became a part of the
global mercury cycle.  It is difficult to separate current mercury concentrations by origin (i.e.,
anthropogenic or natural) because of the continuous cycling of the element in the environment.  For
example, anthropogenic releases of elemental mercury may be oxidized and deposit as divalent mercury
far from the source; the deposited mercury may be reduced and re-emitted as elemental mercury only to
be deposited again continents away.  Not surprisingly, there is a broad range of estimates and a great deal
of uncertainty with each.  When the estimates are combined, they indicate that between 40 and 75
percent of the current atmospheric mercury concentrations are the result of anthropogenic releases.  The
Expert Panel on Mercury Atmospheric Processes (1994) concluded that pre-industrial atmospheric
concentrations constitute approximately one-third of the current atmospheric concentrations.  The panel
estimated that anthropogenic emissions may currently account for 50 - 75 percent of the total annual
input to the global atmosphere (Expert Panel on Mercury Atmospheric Processes, 1994).  The estimates
of the panel are corroborated by Lindqvist et al., (1991), who estimated that 60 percent of the current
atmospheric concentrations are the result of anthropogenic emissions and Porcella (1994), who estimated
that this fraction was 50 percent.  Horvat et al., (1993b) assessed the anthropogenic fraction as
constituting 40 to 50 percent of the current total.  This overall range appears to be in agreement with the
several fold increase noted in inferred deposition rates (Swain et al., 1992; Engstrom et al., 1994; Benoit
et al., 1994).  The percentage of current total atmospheric mercury which is of anthropogenic origin may
be much higher near mercury emissions sources.


A better understanding of the relative contribution of mercury from anthropogenic sources is
limited by substantial remaining uncertainties regarding the level of natural emissions as well as the
amount and original source of mercury that is re-emitted to the atmosphere from soils, watersheds, and
ocean waters.  Recent estimates indicate that of the approximately 200,000 tons of mercury emitted to
the atmosphere since 1890, about 95 percent resides in terrestrial soils, about 3 percent in the ocean
surface waters, and 2 percent in the atmosphere (Expert Panel, 1994).  More study is needed before it is
possible to accurately differentiate natural fluxes from these soils, watersheds, and ocean waters from re-
emissions of mercury which originated from anthropogenic sources.  For instance, approximately one-
third of total current global mercury emissions are thought to cycle from the oceans to the atmosphere
and back again to the oceans, but a major fraction of the emissions from oceans consists of recycled
anthropogenic mercury.  According to the Expert Panel on Mercury Atmospheric Processes (1994) 20 to
30 percent of the current oceanic emissions are from mercury originally mobilized by natural sources
(Fitzgerald and Mason, 1996).  Similarly, a potentially large fraction of terrestrial and vegetative
emissions consists of recycled mercury from previously deposited anthropogenic and natural emissions
(Expert Panel, 1994).
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Comparisons of contemporary (within the last 15-20 years) measurements and historical records
indicate that the total global atmospheric mercury burden has increased since the beginning of the
industrialized period by a factor of between two and five (see Figure 2-2).  For example, analysis of
sediments from Swedish lakes shows mercury concentrations in the upper layers that are two to five
times higher than those associated with pre-industrialized times.  In Minnesota and Wisconsin, an
investigation of whole-lake mercury accumulation indicates that the annual deposition of atmospheric
mercury has increased by a factor of three to four since pre-industrial times.  Similar increases have been
noted in other studies of lake and peat cores from this region, and results from remote lakes in southeast
Alaska also show an increase, though somewhat lower than found in the upper midwest U.S. (Expert
Panel, 1994).


Although it is accepted that atmospheric mercury burdens have increased substantially since the
preindustrial period, it is uncertain whether overall atmospheric mercury levels are currently increasing,
decreasing, or remaining stable.  Measurements over remote areas of the Atlantic Ocean show increasing
levels up until 1990 and a decrease for the period 1990-1994 (Slemr, 1996).  Measurements of deposition
rates suggest decreased deposition at some localities formerly subject to local or regional deposition (see
Section 2.1.2.2 below).  However, other measurements at remote sites in northern Canada and Alaska
show deposition rates that continue to increase (Lucotte et al., 1995; Engstrom and Swain, 1997).  Since
these sites are subject to global long-range sources and few regional sources, these measurements may
indicate a still increasing global atmospheric burden.  More research is necessary; a multi-year, world-
wide atmospheric mercury measurement program may help to better determine current global trends
(Fitzgerald, 1995).


2.1.2.2 Regional and Local Mercury Cycles


According to one estimate, about half of total anthropogenic mercury emissions eventually enter
the global atmospheric cycle (Mason et al., 1994); the remainder is removed through local or regional
cycles.  An estimated 5 to 10 percent of primary Hg(II) emissions are deposited within 100 km of the
point of emission and a larger fraction on a regional scale.  Hg(0) that is emitted may be removed on a
local and regional scale to the extent that it is oxidized to Hg(II).  Some Hg(0) may also be taken up
directly by foliage; most Hg(0) that is not oxidized will undergo long-range transport due to the
insolubility of Hg(0) in water.  In general, primary Hg(II) emissions will be deposited on a local and
regional scale to the degree that wet deposition processes remove the soluble Hg(II).  Dry deposition
may also account for some removal of atmospheric Hg(II).  Assuming constant emission rates, the
quantity of mercury deposited on a regional and local scale can vary depending on source characteristics
(especially the species of mercury emitted), meteorological and topographical attributes, and other
factors (Expert Panel, 1994).  For example, deposition rates at some locations have been correlated with
wind trajectories and precipitation amounts (Jensen and Iverfeldt, 1994; Dvonch et al., 1995).  Although
these variations prohibit generalizations of local and regional cycles, such cycles may be established for
specific locations.  For example, unique mercury cycles have been defined for Siberia on a regional scale
(Sukhenko and Vasiliev, 1996) and for the area downwind of a German chlor-alkali plant on a local scale
(Ebinghaus and Kruger, 1996).  Mercury cycles dependent on local and regional sources have also been
established for the Upper Great Lakes region (Glass et al., 1991; Lamborg et al., 1995) and the Nordic
countries (Jensen and Iverfeldt, 1994). 
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While the overall trend in the global mercury burden since pre-industrial times appears to be
increasing, there is some evidence that mercury concentrations in the environment in certain locations
have been stable or decreasing over the past few decades.  For example, preliminary results for eastern
red cedar growing near industrial sources (chlor-alkali, nuclear weapons production) show peak mercury
concentrations in wood formed in the 1950s and 1960s, with stable or decreasing concentrations in the
past decade (Expert Panel, 1994).  Some results from peat cores and lake sediment cores also suggest
that peak mercury deposition in some regions occurred prior to 1970 and may now be decreasing (Swain
et al., 1992; Benoit et al., 1994; Engstrom et al., 1994; Engstrom and Swain, 1997).  Data collected over
25 years from many locations in the United Kingdom on liver mercury concentrations in two raptor
species and a fish-eating grey heron indicate that peak concentrations occurred prior to 1970.  The sharp
decline in liver mercury concentrations in the early 1970s suggests that local sources, such as agricultural
uses of fungicides, may have led to elevated mercury levels two to three decades ago (Newton et al.,
1993).  Similar trends have been noted for mercury levels in eggs of the common loon collected from
New York and New Hampshire (McIntyre et al., 1993).  The downward trend in mercury concentrations
observed in the environment in some geographic locations over the last few decades generally
corresponds to regional mercury use and consumption patterns over the same time frame (consumption
patterns are discussed in Volume II).


2.2 Atmospheric Processes


Basic processes involved in the atmospheric fate and transport of mercury include:  (1) emissions
to the atmosphere; (2) transformation and transport in the atmosphere; (3) deposition from the air; and
then (4) re-emission to the atmosphere.  Each of these processes is briefly described below.


2.2.1 Emissions of Mercury


As discussed fully in Volume II, mercury is emitted to the atmosphere through both naturally
occurring and anthropogenic processes.  Natural processes include volatilization of mercury in marine
and aquatic environments, volatilization from vegetation, degassing of geologic materials (e.g., soils) and
volcanic emissions.  The natural emissions are thought to be primarily in the elemental mercury form. 
Conceptually, the current natural emissions can arise from two components:  mercury present as part of
the pre-industrial equilibrium and mercury mobilized from deep geologic deposits and added to the
global cycle by human activity.  Based on estimates of the total annual global input to the atmosphere
from all sources (i.e., 5000 Mg from anthropogenic, natural, and oceanic emissions), U.S. sources are
estimated to contribute about 3 percent, based on 1995 emissions estimates as described below.


Anthropogenic mercury releases are thought to be dominated on the national scale by industrial
processes and combustion sources that release mercury into the atmosphere.  Stack emissions are thought
to include both gaseous and particulate forms of mercury.  Gaseous mercury emissions are thought to
include both elemental and oxidized chemical forms, while particulate mercury emissions are thought to
be composed primarily of oxidized compounds due to the relatively high vapor pressure of elemental
mercury.  The analytic methods for mercury speciation of exit gasses and emission plumes are being
refined, and there is still controversy in this field.  Chemical reactions occurring in the emission plume
are also possible.  The speciation of mercury emissions is thought to depend on the fuel used (e.g., coal,
oil, municipal waste), flue gas cleaning and operating temperature.  The exit stream is thought to range
from almost all divalent mercury to nearly all elemental mercury.  Most of the mercury emitted at the
stack outlet is found in the gas phase although exit streams containing soot can bind up some fraction of
the mercury.  The divalent fraction is split between gaseous and particle bound phases (Lindqvist et al.,
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1991, Chapter 4).  Much of this divalent mercury is thought to be HgCl  (Michigan Environmental2


Science Board, 1993).


An emission factor-based approach was used to develop the nationwide emission estimates for
the source categories presented in Table 2-1.  The emission factors presented are estimates based on
ratios of mass mercury emissions to measures of source activities and nation-wide source activity levels. 
Details of the emission factor approach are described in Volume II of this Report to Congress.  The
reader should note that the data presented in this table are estimates; uncertainties include the precision
of measurement techniques and the calculation of emission factors, estimates of pollutant control
efficiency, and nation-wide source class activity levels.  The estimates may also be based on limited
information for a particular source class, thereby increasing the uncertainty in the estimate further.  Due
to these and other uncertainties, other sources have calculated different total emissions estimates using
similar methods (for example, see Porcella et al., 1996).


Some anthropogenic processes no longer used still result in significant environmental releases
from historically contaminated areas which continue to release mercury to surface water runoff,
groundwater and the atmosphere.  It is estimated that the mercury content of typical lakes and rivers has
been increased by a factor of two to four since the onset of the industrial age (Nriagu, 1979).  More 
recently, researchers in Sweden estimate that mercury concentrations in soil, water and lake sediments
have increased by a factor of four to seven in southern Sweden and two to three in northern Sweden in
the 20th century (Swedish EPA 1991).  It is estimated that present day mercury deposition is two to five
times greater now than in preindustrial times (Lindqvist et al., 1991).


2.2.2 Mercury Transformation and Transport


Hg(0) has an average residence time in the atmosphere of about one year and will thus be
distributed fairly evenly in the troposphere.  Oxidized mercury (Hg(II)) may be deposited relatively
quickly by wet and dry deposition processes, leading to a residence time of hours to months.  Longer
residence times are possible as well; the atmospheric residence time for some Hg(II) associated with fine
particles may approach that of Hg  (Porcella et al., 1996).  0


The transformation of Hg (g) to Hg(II)(aq) and Hg(II)(p) in cloud water demonstrates a possible0


mechanism by which natural and anthropogenic sources of Hg  to air can result in mercury deposition to0


land and water.  This deposition can occur far from the source due to the slow rate of Hg (g) uptake in0


cloud water.  It has been suggested that this mechanism is important in a global sense for mercury
pollution, while direct wet deposition of anthropogenic Hg(II) is the most important locally (Fitzgerald,
1994; Lindqvist et al., 1991, Chapter 6).  Gaseous Hg(II) is expected to deposit at a faster rate after
release than particulate Hg(II) assuming that most of the particulate matter is less than 1 µm in diameter. 
An atmospheric residence time of ½ - 2 years for elemental mercury compared to as little as hours for
some Hg(II) species (Lindqvist and Rodhe, 1985) is expected.  This behavior is observed in the modeling
results presented in this effort as well.  It is possible that dry deposition of Hg  can occur from ozone0


mediated oxidation of elemental mercury taking place on wet surfaces, but this is not expected to be
comparable in magnitude to the cloud droplet mediated processes.


This great disparity in atmospheric residence time between Hg  and the other mercury species0


leads to very much larger scales of transport and deposition for Hg .  Generally, air emissions of Hg0 0


from anthropogenic sources, fluxes of Hg  from contaminated soils and water bodies and natural fluxes0


of Hg  all contribute to a global atmospheric mercury reservoir with a holding time of ½ to 2 years. 0


Global atmospheric circulation systems can take Hg  emissions from their point of origin and carry them0







2-8


Table 2-1
Annual Estimates of Mercury Release by Various Combustion and


Manufacturing Source Classes (U.S. EPA, 1997)


Source Emission Rate
Annual Mercury


Combustion Sources - Total 125.2 Mg/yr (137.9 tons/yr)


Electric utilities


Oil- and Gas-fired 0.2 Mg/yr (0.2 tons/yr)


Coal-fired 46.9 Mg/yr (51.6 tons/yr)


Incinerators


Municipal waste combustors 26.9 Mg/yr (29.6 tons/yr)


Medical waste incinerators 14.6 Mg/yr (16.0 tons/yr)


Commercial/Industrial boilers 25.8 Mg/yr (28.4 tons/yr)


Chlor-alkali production 6.5 Mg/yr (7.1 tons/yr)


Primary lead smelting 0.1 Mg/yr (0.1 tons/yr)


Primary copper smelting 0.06 Mg/yr (0.06 tons/yr)


Other combustion sources 10.8 Mg/yr (11.9 tons/yr)


Other sources 12.1 Mg/yr (13.3 tons/yr)


anywhere on the globe before transformation and deposition occur.  Emissions of all other forms of
mercury are likely to be deposited to the earth's surface before they thoroughly dilute into the global
atmosphere.  Continental-scale atmospheric modeling, such as that performed for this study using the
RELMAP, can explicitly simulate the atmospheric lifetime of gaseous and particulate Hg(II) species, but
not Hg .  Although Hg  is included as a modeled species in the RELMAP analysis, the vast majority of0 0


Hg  emitted in the simulation transports outside the spatial model domain without depositing, and the0


same is generally thought to happen in the real atmosphere.  Natural Hg  emissions and anthropogenic0


Hg  emissions from outside the model domain are simulated in the form of a constant background Hg0 0


concentration of 1.6 ng m , approximating conditions observed in remote oceanic regions (Fitzgerald,-3


1994).  This background Hg  concentration is subject to simulated wet deposition by the same process as0


explicitly modeled anthropogenic sources of Hg  within the model domain.0


Explicit numerical models of global-scale atmospheric mercury transport and deposition have
not yet been developed.  As our understanding of the global nature of atmospheric mercury pollution
develops, numerical global-scale atmospheric models will surely follow.
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2.2.3 Deposition of Mercury


The divalent species emitted, either in the vapor or particulate phase, are thought to be subject to
much faster atmospheric removal than elemental mercury (Lindberg et al., 1991, Shannon and Voldner,
1994).  Both particulate and gaseous divalent mercury are assumed to dry deposit (this is defined as
deposition in the absence of precipitation) at significant rates when and where measurable concentrations
of these mercury species exist.  The deposition velocity of particulate mercury is dependent on
atmospheric conditions and particle size.  Particulate mercury is also assumed to be subject to wet
deposition due to scavenging by cloud microphysics and precipitation.  The gaseous divalent mercury
emitted is also expected to be scavenged readily by precipitation.  Divalent mercury species have much
lower Henry's law constants than elemental mercury, and thus are assumed to partition strongly to the
water phase.  Dry deposition of gas phase divalent mercury is thought to be significant due to its
reactivity with surface material.  Overall, gas phase divalent mercury is more rapidly and effectively
removed by both dry and wet deposition than particulate divalent mercury (Lindberg et al., 1992;
Petersen et al., 1995; Shannon and Voldner, 1994), a result of the reactivity and water solubility of
gaseous divalent mercury.


In contrast, elemental mercury vapor is not thought to be susceptible to any major process of
direct deposition to the earth's surface due to its relatively high vapor pressure and low water solubility. 
On non-assimilating surfaces elemental mercury deposition appears negligible  (Lindberg et al., 1992),
and though elemental mercury can be formed in soil and water due to the reduction of divalent mercury
species by various mechanisms, this elemental mercury is expected to volatilize into the atmosphere
(Expert Panel on Mercury Atmospheric Processes 1994).  In fact, it has been suggested that in-situ
production and afflux of elemental mercury could provide a buffering role in aqueous systems, as this
would limit the amount of divalent mercury available for methylation (Fitzgerald, 1994).  Water does
contain an amount of dissolved gaseous elemental mercury (Fitzgerald et al., 1991), but it is minor in
comparison to the dissolved-oxidized and particulate mercury content.


There appears to be a potential for deposition of elemental mercury via plant-leaf uptake. 
Lindberg et. al. (1992) indicated that forest canopies could accumulate elemental mercury vapor, via gas
exchange at the leaf surface followed by mercury assimilation in the leaf interior during the daylight
hours.  This process causes a downward flux of elemental mercury from the atmosphere, resulting in a
deposition velocity.  Recent evidence (Hanson et al., 1994) indicates that this does occur but only when
air concentrations of elemental mercury are above an equilibrium level for the local forest ecosystem.  At
lower air concentration levels, the forest appears to act as a source of elemental mercury to the
atmosphere, with the measured mercury flux in the upward direction.  Lindberg et. al. (1991) noted this
may be explained by the volatilization of elemental mercury from the canopy/soil system, most likely the
soil.  Hanson et al. (1994) stated that "dry foliar surfaces in terrestrial forest landscapes may not be a net
sink for atmospheric elemental mercury, but rather a dynamic exchange surface that can function as a
source or sink dependent on current mercury vapor concentrations, leaf temperatures, surface condition
(wet versus dry) and level of atmospheric oxidants."  Similarly, Mosbaek et al. (1988) convincingly
showed that most of the mercury in leafy plants is due to air-leaf transfer, but that for a given period of
time the amount of elemental mercury released from the plant-soil system greatly exceeds the amount
collected from the air by the plants.  It is also likely that many plant/soil systems accumulate airborne
elemental mercury when air concentrations are higher than the long-term average for the particular
location, and release elemental mercury when air concentrations fall below the local long-term average. 
On regional and global scales, dry deposition of elemental mercury does not appear to be a significant
pathway for removal of atmospheric mercury, although approximately 95% or more of atmospheric
mercury is elemental mercury (Fitzgerald, 1994).
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There is an indirect pathway, however, by which elemental mercury vapor released into the
atmosphere may be removed and deposited to the earth's surface.  Chemical reactions occur in the
aqueous phase (cloud droplets) that both oxidize elemental mercury to divalent mercury and reduce the
divalent mercury to elemental mercury.  The most important reactions in this aqueous reduction-
oxidation balance are thought to be oxidation of elemental mercury with ozone, reduction of divalent
mercury by sulfite (SO ) ions, or complexation of divalent mercury with soot to form particulate3


-2


divalent mercury:


Hg (g) -> Hg (aq)0 0


Hg (aq) + O (aq) -> Hg(II)(aq)0
3


Hg(II)(aq) + soot/possible evaporation -> Hg(II)(p)
Hg(II)(aq) + SO (aq) -> Hg (aq)3


-2 0


(g) = gas phase molecule
(aq) = aqueous phase molecule
(p) = particulate phase molecule


The Hg(II) produced from oxidation of Hg  by ozone can be reduced back to Hg  by sulfite; however, the0 0


oxidation of Hg  by ozone is a much faster reaction than the reduction of Hg(II) by sulfite.  Thus, a0


steady state concentration of Hg(II)(aq) is built up in the atmosphere and can be expressed as a function
of the concentrations of Hg (g), O (g), H  (representing acids) and SO (g) (Lindqvist et al., 1991,0 +


3 2


Chapter 6).  Note that H  and SO (g), although not apparent in the listed atmospheric reactions, control+
2


the formation of sulfite.


The Hg(II)(aq) produced would then be susceptible to atmospheric removal via wet deposition. 
The third reaction, however, may transform most of the Hg(II)(aq) into the particulate form, due to the
much greater amounts of soot than mercury in the atmosphere.  The soot concentration will not be
limiting compared to the concentration of Hg(II)(aq), and S atoms in the soot matrix will bond readily to
the Hg(II)(aq).  The resulting Hg(II)(p) can then be removed from the atmosphere by wet deposition (if
the particle is still associated with the cloud droplet) or dry deposition (following cloud droplet
evaporation).  It is possible that dry deposition of Hg  can occur from ozone mediated oxidation of0


elemental mercury taking place on wet surfaces, but this is not expected to be comparable in magnitude
to the cloud droplet mediated processes (Lindberg, 1994).


Mercury released into the atmosphere from natural and anthropogenic sources deposits mainly as
Hg(II), from either direct deposition of emitted Hg(II) or from conversion of emitted elemental Hg  to0


Hg(II) through ozone-mediated reduction.  The former process may result in elevated deposition rates
around atmospheric emission sources and the latter process results in regional/global transport followed
by deposition. 


There is still a great deal of uncertainty with respect to the amount of dry deposition of mercury. 
Once deposited, mercury appears to bind tightly to certain soil components.  The deposited Hg(II) may
revolatilize through reduction and be released back to the atmosphere as Hg .  Soil Hg(II) may also be0


methylated to form methylmercury; these two forms may remain in the soil or be transported through the
watershed to a water body via runoff and leaching.  Mercury enters the water body through direct
deposition on the watershed, and mercury in water bodies has been measured in both the water column
and the sediments.  Hg(II) in the waterbody may also be methylated to form methylmercury; both Hg(II)
and methylmercury may be reduced to form Hg  which is reintroduced to the atmosphere. 0
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2.2.4 Re-emissions of Mercury into the Atmosphere


Re-emission of deposited mercury results most significantly from the evasion of elemental
mercury from the oceans.  In this process, anthropogenically emitted mercury is deposited to the oceans
as Hg(II) and then reduced to volatile Hg(0) and re-emitted.  According to one estimate, this process
accounts for approximately 30% (10 Mmol/year) of the total mercury flux to the atmosphere (Mason et
al., 1994).  Overall, 70 to 80 % of total current mercury emissions may be related to anthropogenic
activities (Fitzgerald and Mason, 1996).  By considering the current global mercury budget and estimates
of the preindustrial mercury fluxes, Mason et al. (1994) estimate that total emissions have increased by a
factor of 4.5 since preindustrial times, which has subsequently increased the atmospheric and oceanic
reservoirs by a factor of 3.  The difference is attributed to local deposition near anthropogenic sources. 
Although the estimated residence time of elemental mercury in the atmosphere is about 1 year, the
equilibrium between the atmosphere and ocean waters results in a longer time period needed for overall
change to take place for reservoir amounts.  Therefore, by substantially increasing the size of the oceanic
mercury pool, anthropogenic sources have introduced long term perturbations into the global mercury
cycle.  Modeled results from Fitzgerald and Mason (1996) estimate that if all anthropogenic emissions
were ceased today, it would take about 15 years for mercury pools in the oceans and the atmosphere to
return to pre-industrial conditions.  The Science Advisory Board, in its review of this study, concluded
that it could take significantly longer.  The slow release of mercury from terrestrial sinks to freshwater
and coastal waters will likely persist for much longer, though, effectively increasing the lifetime of
anthropogenic mercury further (Fitzgerald and Mason, 1996).  This may be particularly significant
considering that surface soils currently contain most of the pollution-derived mercury of the industrial
period.  Recently published studies, however, indicate that mercury in soil may be reduced and
revolatilized, in that the capacity of soils to sequester airborne mercury must be reconsidered (Kim et al.,
1995; Lindberg, 1996).  Thus, re-emissions of anthropogenic mercury will contribute to long term
influences on the global biogeochemical cycle for mercury.


2.3 Terrestrial and Aquatic Fate of Mercury


2.3.1 Mercury in Soil


Once deposited, the Hg(II) species are subject to a wide array of chemical and biological
reactions.  Soil conditions (e.g., pH, temperature and soil humic content) are typically favorable for the
formation of inorganic Hg(II) compounds such as HgCl , Hg(OH)  and inorganic Hg(II) compounds2 2


complexed with organic anions (Schuster 1991).  Although inorganic Hg(II) compounds are quite soluble
(and, thus, theoretically mobile) they form complexes with soil organic matter (mainly fulvic and humic
acids) and mineral colloids; the former is the dominating process.  This is due largely to the affinity of
Hg(II) and its inorganic compounds for sulfur-containing functional groups.  This complexing behavior
greatly limits the mobility of mercury in soil.  Much of the mercury in soil is bound to bulk organic
matter and is susceptible to elution in runoff only by being attached to suspended soil or humus.  Some
Hg(II), however, will be absorbed onto dissolvable organic ligands and other forms of dissolved organic
carbon (DOC) and may then partition to runoff in the dissolved phase.  Currently, the atmospheric input
of mercury to soil is thought to exceed greatly the amount leached from soil, and the amount of mercury
partitioning to runoff is considered to be a small fraction of the amount of mercury stored in soil.  The
results of Appendix C, which detail the calibration of soil-water partition coefficients in the watershed
model, are consistent with these observations.  The affinity of mercury species for soil results in soil
acting as a large reservoir for anthropogenic mercury emissions (Meili et al., 1991 and Swedish EPA
1991).  For example, note the mercury budget proposed by Meili et al., 1991.  Even if anthropogenic
emissions were to stop entirely, leaching of mercury from soil would not be expected to diminish for
many years (Swedish EPA, 1991).  Hg  can be formed in soil by reduction of Hg(II)0
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compounds/complexes mediated by humic substances (Nriagu, 1979) and by light (Carpi and Lindberg,
1997).  This Hg  will diffuse through the soil and re-enter the atmosphere.  Methylmercury can be0


formed by various microbial processes acting on Hg(II) substances.  Approximately 1-3% of the total
mercury in surface soil is methylmercury, and as is the case for Hg(II) species, it will be bound largely to
organic matter.  The other 97-99% of total soil mercury can be considered largely Hg(II) complexes,
although a small fraction of Mercury in typical soil will be Hg  (Revis et al., 1990).  The methylmercury0


percentage exceeded 3%  (Cappon, 1987) in garden soil with high organic content under slightly acidic
conditions.  Contaminated sediments may also contain higher methylmercury percentages compared to
ambient conditions (Wilken and Hintelmann, 1991; Parks et al., 1989).


2.3.2 Plant and Animal Uptake of Mercury


The Hg(II) and methylmercury complexes in soil are available theoretically for plant uptake and
translocation, potentially resulting in transfer through the terrestrial food chain.  In reality plant uptake
from ordinary soils, especially to above-ground parts of plants, appears to be insignificant (Schuster,
1991; Lindqvist et al., 1991, Chapter 9).  Mosbaek et al. (1988) determined (by spiking soil with Hg )203


that the atmospheric contribution of the total mercury content of the leafy parts of plants is on the order
of 90-95% and for roots 30-60%.  The concentrations of mercury in leafy vegetables generally exceeds
that of legumes and fruits (Cappon 1981, 1987), where it is not clear whether the mercury content results
from air and/or soil uptake.  Most plant uptake studies do not explicitly measure both the surrounding
soil and air concentrations as performed in Mosbaek et al., 1988.  Even when this is performed there is
no way to determine whence the mercury in the plant originated.  Speciation data do not provide much
information; apparently any Hg  absorbed from the air is readily converted to Hg(II) in the plant interior,0


since even leafy vegetables do not appear to contain any Hg  (Cappon, 1987).  Plants also have some0


mercury methylation ability (Fortmann et al., 1978), so the percentage of methylmercury in plants may
not originate from root uptake.  Studies which report plant uptake from soil have typically been
conducted on heavily polluted soils near Chlor-alkali plants (Lenka et al., 1992; Temple and Linzon
1977; Lindberg et al., 1979), where the formation of Cl  complexes can increase Hg(II) movement-


somewhat.  Overall, mercury concentrations in plants, even those whose main uptake appears to be from
the air, are small (see ambient mercury concentrations tables).  Accordingly, livestock typically
accumulates little mercury from 
foraging or silage/grain consumption, and mercury content in meat is low (see tables in the ambient
mercury concentrations section).  Due to these factors, the terrestrial pathway is not expected to be
significant in comparison to the consumption of fish by humans and wildlife as an  exposure pathway of
concern for mercury.


2.3.3 Mercury in the Freshwater Ecosystem


There are a number of pathways by which mercury can enter the freshwater environment: Hg(II)
and methylmercury from atmospheric deposition (wet and dry) can enter water bodies directly; Hg(II)
and methylmercury can be transported to water bodies in runoff (bound to suspended soil/humus or
attached to dissolved organic carbon); or Hg(II) and methylmercury can leach into the water body from
groundwater flow in the upper soil layers.  Once in the freshwater system, the same complexation and
transformation processes that occur to mercury species in soil will occur along with additional processes
due to the aqueous environment.  Mercury concentrations are typically reported for particular segments
of the water environment, the most common of which are the water column (further partitioned as
dissolved or attached to suspended material), the underlying sediment (further divided into surface
sediments and deep sediments); and biota (particularly fish).  Discussion of several detailed studies on
the movement of mercury between soil/water/sediment and how modeling results compare to these data
are presented in Appendix B.
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Partition coefficients have been calculated for the relative affinity of Hg(II) and methylmercury
for sediment or soil over water.  Values of the partition coefficient K  (concentration of mercury in dryd


sediment, soil or suspended matter divided by the dissolved concentration in water) on the order of 10-
100,000 ml/g soil, 100,000 ml/g sediment and 100,000+ ml/g suspended material are typically found for
Hg(II) and methylmercury (Appendix B), indicating a strong preference for Hg(II) and methylmercury to
remain bound to soil, bottom sediment or suspended matter (increasing affinity in that order).  Of course,
a river or lake freshwater system has a larger volume of water than sediment, and a significant amount of
Hg(II) entering a water system may partition to the water column, especially if there is a high
concentration of suspended material in the water column.  It is often unclear whether the mercury in
sediment will be HgCl  or Hg(OH)  organic complexes, which can be considered more susceptible to2 2


methylation, or will be the more unreactive HgS and HgO forms.


Most of the mercury in the water column (Hg(II) and methylmercury) will be bound to organic
matter, either to dissolved organic carbon (DOC; consisting of fulvic and humic acids, carbohydrates,
carboxylic acids, amino acids and hydrocarbons; (Lindqvist et al., 1991, (Chapter 2)) or to suspended
particulate matter.  In most cases, studies that refer to the dissolved mercury in water include mercury
complexes with DOC.  Studies indicate that about 25%-60% of Hg(II) and methylmercury organic
complexes are particle-bound in the water column.  The rest is in the dissolved and DOC-bound phase
(Nriagu, 1979; Bloom et al., 1991; NAS 1977).  Typically, total mercury and methylmercury
concentrations are positively correlated with DOC concentrations in lake waters (Driscoll et al., 1994;
Mierle and Ingram, 1991).  Hg  is produced in freshwater by humic acid reduction of Hg(II) or0


demethylation of methylmercury mediated by sunlight.  An amount will remain in the dissolved gaseous
state while most will volatilize.  As noted previously, Hg  constitutes very little of the total mercury in0


the water column but may provide a significant pathway for the evolution of mercury out of the water
body via Hg(II) or methylmercury -> Hg  -> volatilization.  For many lakes, however, sedimentation of0


the Hg(II) and methylmercury bound to particulate matter is expected to be the dominant process for
removal of mercury from the water column (Sorensen et al., 1990; Fitzgerald et al., 1991).


Generally, no more than 25% of the total mercury in a water column exists as a methylmercury
complex; typically, less than 10% is observed (see Appendix B).  The water column methylmercury
concentration is a result of methylation of Hg(II) which occurs in the bottom sediment and the water
column by microbial action and abiotic processes.  In a number of sediment-water systems, it has been
found that methylmercury concentrations in waters were independent of water column residence time or
time in contact with sediments (Parks et al., 1989).  Methylmercury in the water column which is lost
through demethylation, exported downstream or taken up by biota is thought to be replaced by additional
methylation of Hg(II) compounds to sustain equilibrium.


Once entering a water body, mercury can remain in the water column, be lost from the lake
through drainage water, revolatilize into the atmosphere, settle into the sediment or be taken up by
aquatic biota.  After entry, the movements of mercury through any specific water body may be unique. 
Mercury in the water column, in the sediment, and in other aquatic biota appears to be available to
aquatic organisms for uptake.


Methylation is a key step in the entrance of mercury into the food chain (Sorenson et al., 1990). 
The biotransformation of inorganic mercury species to methylated organic species in water bodies can
occur in the sediment (Winfrey and Rudd, 1990) and the water column (Xun et al., 1987).  Abiotic
processes (e.g., humic and fulvic acids in solution) also appear to methylate the mercuric ion (Nagase et
al., 1982).  Not all mercury compounds entering an aquatic ecosystem are methylated, and demethylation
reactions (Xun et al., 1987) as well as volatilization of dimethylmercury decrease the amount of
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methylmercury available in the aquatic environment.  There is a large degree of scientific uncertainty
and variability among water bodies concerning the processes that methylate mercury.


Bacterial methylation rates appear to increase under anaerobic conditions, high temperatures
(NJDEPE, 1993) and low pH (Xun et al., 1987; Winfrey and Rudd, 1990).  Increased quantities of the
mercuric species, the proper biologic community, and adequate suspended soil load and sedimentation
rate are also important factors (NJDEPE, 1993).  Anthropogenic acidification of lakes appears to increase
methylation rates as well (Winfrey and Rudd, 1990).


Methylmercury is very bioavailable and accumulates in fish through the aquatic food web; nearly
100% of the mercury found in fish muscle tissue is methylated (Bloom et al., 1991).  Methylmercury
appears to be primarily passed to planktivorous and piscivorous fish via their diets.  Larger, longer-lived
fish species at the upper end of the food web typically have the highest concentrations of methylmercury
in a given water body.  A relationship exists between methylmercury content in fish and lake pH, with
higher methylmercury content in fish tissue typically found in more acidic lakes (Winfrey and Rudd,
1990; Driscoll et al., 1994).  The mechanisms for this behavior are unclear.  Most of the total
methylmercury production ends up in biota, particularly fish (Swedish EPA, 1991).  In fact,
bioconcentration factors (BCFs) for accumulation of methylmercury in fish (dry weight basis, compared
with the water methylmercury concentration) are on the order of 10  - 10  (Bloom, 1992; Appendix D). 5 6


Overall, methylmercury production and accumulation in the freshwater ecosystem places this pollutant
into a position to be ingested by fish-eating organisms.


This bioaccumulation of methylmercury in fish muscle tissue occurs in water bodies that are
remote from emission sources and seemingly pristine as well as in water bodies that are less isolated. 
Methylmercury appears to be efficiently passed through the aquatic food web to the highest trophic level
consumers in the community (e.g., piscivorous fish).  At this point it can be contacted by fish-consuming
wildlife and humans through ingestion.  Methylmercury appears to pass from the gastrointestinal tract
into the bloodstream more efficiently than the divalent species. 


2.4 Fate of Mercury in Marine Environments


This section describes the environmental fate of mercury in the marine environment.  Two
models are presented here:  a composite conceptual model of the whole ocean, largely based on the data
and modeling presented in the literature by Fitzgerald and coworkers; and a model developed for ocean
margins by Cossa et al. (1996).  Ocean margins occur at the convergence of continents and oceans; they
include geologic features such as estuaries, inland seas, and continental shelves and are characterized by
high productivity.  These models are very general in nature and reflect only a basic understanding of the
movements of mercury in marine environments.  Examples of data collected from U.S. coastal waters are
also included here.  The arctic marine system is not examined in this section.


As noted earlier, mercury is an atmophillic element and, as such, its global transport occurs
primarily through the atmosphere.  Elemental mercury, the principle species found in the atmosphere,
has a high vapor pressure and a low solubility in water.  As a result of these properties, the half-life of
atmospheric mercury is thought to be a year or longer.  Elemental mercury appears to be deposited to
ocean waters primarily through wet deposition.  Oxidizing reactions in the atmosphere may also play a
role in the conversion of elemental mercury to more reactive atmospheric species which are subsequently
deposited.


Mercury found in ocean waters and sediments comprises a large reservoir of the total mercury on
the planet.  The conceptualization of oceans as reservoirs of mercury is fitting for they serve both as
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sources of mercury to the atmosphere as well as environmental mercury sinks (Mason and Fitzgerald,
1993; 1996; Cossa et al., 1996).  The forms and species of mercury present in the ocean waters and
sediments may be transformed as a result of both biotic and abiotic factors within the ocean.  The most
significant species of mercury from an ecologic and human health perspective is monomethylmercury
(MHg).  Both monomethyl- and dimethylmercury have been measured in ocean waters (Mason and
Fitzgerald, 1990).  MHg shows strong evidence of bioaccumulation and biomagnification in the marine
food web, potentially posing risks to consumer species (particularly apex marine predators and
piscivores).


2.4.1 Models of Mercury in the Oceans


Rolfus and Fitzgerald (1995) employed a simple ocean model to examine mercury deposition
and concentrations in fish.  This model is largely derived from data collected by Fitzgerald and
collaborators.  In the model, the ocean is divided into 3 compartments:  coastal zones, areas of upwelling,
and open ocean.  The open ocean accounts for roughly 90 percent of the total area of the oceans but very
little fish production;  the coastal and upwelling regions account for roughly 10 percent and 0.1 percent
of the total area, respectively, but almost all fish production (each area accounted for about 50 percent of
the total production).  Mercury inputs to their model include atmospheric deposition, flow from riverine
systems, and flow from upwelling regions of the ocean. 


Mercury inputs are assumed to occur to the mixed layer.  Corroborating this assumption, Mason
and Fitzgerald (1996) have suggested that there is a relationship between increased concentrations of
reactive mercury in surface waters and predicted atmospheric deposition rates in the North Atlantic. 
From the mixed upper layer of the ocean waters, reactive mercury is transported through attachment to
particulates (i.e., scavenging) to regions or layers of the ocean where methylation occurs (those areas
naturally lower in oxygen).  Particles containing mercury are predicted to deteriorate as they descend,
releasing the mercury.  The model assumes that monomethylmercury is produced in these low oxygen
regions below the thermocline in the open ocean and upwelling compartments.  The mercury is then
transported to the mixed layer at a depth of less than 100 meters where it is incorporated into the lower
levels of the food web (Mason and Fitzgerald, 1990; 1993; 1996).  Specifically, after transport from the
mixed layer, most of the reactive mercury is assumed to become methylated to form dimethylmercury in
the subthermocline waters, although direct formation of monomethylmercury from reactive mercury is
also possible.  Dimethylmercury is unstable in marine waters, and most dimethylmercury formed there is
assumed to decompose to form monomethylmercury (Mason and Fitzgerald, 1996).  Some of the
monomethylmercury is then converted to Hg , which is assumed to be transported to the surface resulting0


in a supersaturation of the elemental species in surface waters.  Elemental mercury thus may evade back
to the atmosphere from the surface waters.  It is hypothesized that the transport of reactive mercury from
the mixed layer controls the rate of methylmercury formation; this rate appears to be related positively to
primary productivity (Mason and Fitzgerald, 1996).


In the model, reduction of reactive species to Hg  in the mixed layer and subsequent evasion0


from the mixed layer is a significant mechanism by which mercury is eliminated from marine waters,
with rates of up to one percent per day reported in the open ocean.  Reduction is associated with both
abiotic and biotic components of the marine environment (Mason et al., 1995).  Roughly 10 to 30 percent
of the reduction has been attributed to abiotic factors.  Abiotic reduction may be mediated by sunlight;
Xiao et al. (1994) showed in an experimental aquatic system that the combination of fulvic and humic
acids with synthetic sunlight resulted in reduction of dissolved divalent species.  Weber (1993) has
suggested that abiotic reduction may be mediated by the presence of methyltin compounds and humic
acid.  The remainder of the reduction of reactive species is the result of biologic activities.  Evidence
presented by Mason et al. (1995) indicates that bacteria and cyanobacteria are responsible for much of
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the biologic reduction of mercury in the mixed layer.  


Mercury methylation in the coastal compartment of the model (which includes estuarine regions)
is assumed to occur both in the sediments and in the water column near the oxycline (Rolfus and
Fitzgerald, 1995).  It is assumed that methylmercury in this compartment is transported to the mixed
layer and incorporated into the lower trophic levels of the marine food web.  The total deposition of
mercury was estimated at 10 Mmoles/year; the input from rivers and estuaries was estimated to be
approximately 10 percent of this value (about 1 Mmole/year).  The inputs to the upwelling zone from
cooler, deeper waters is assumed to be 0.5 Mmoles/year.


To sustain fish methylmercury concentrations, Rolfus and Fitzgerald (1995) predict that in the
open ocean 0.02 percent of the total mercury deposited is methylated and transferred via the food web to
fish.  Fractions of the total mercury deposited that are necessary for sustaining levels in fish from the
upwelling and coastal regions of the oceans are estimated to be 5.4 percent and 20 percent, respectively. 
Overall, approximately 2 percent of the deposited mercury is needed to maintain fish concentrations of
0.2 ppm.  The differences in necessary fractions between the three areas are related to trophic structure,
deposition, and methylmercury production.


The cycling of mercury proposed by Mason et al. (1994) was reexamined and revised by Hudson
et al. (1995).  In this model, the yearly deposition of mercury to the oceans was assumed to be roughly
the same as that of Mason et al., 1994 (approximately 10 Mmol/yr); oceanic emissions were reduced  by
10 to 25 percent of the Mason value.  Oceanic burial fluxes were assumed by Hudson et al. (1995)  to be
about half of the value assumed by Mason et al. (1994) (approximately 0.4 vs 1 Mmol/yr, respectively). 
Hudson et al. (1995) also accounted for mixing into the ocean interior, which was neglected by Mason et
al. (1994).


Several authors, including Rolfus and Fitzgerald (1995), conclude that increases in the
deposition of mercury that result from increases in anthropogenic emissions will result in enhanced food
chain bioaccumulation and higher concentrations of mercury in marine fish.


2.4.2 Modeling Estuaries and Coastal Regions


Estuaries and coastal regions may be more highly affected by anthropogenic mercury sources.
These regions are directly affected by mercury transported from freshwater rivers as well as direct
oceanic discharges.  These regions are also potentially affected to a greater degree by reactive mercury
species and particulate-bound mercury released to the atmosphere from nearby anthropogenic sources. 
Reactive mercury species in the vapor-phase are assumed to deposit more rapidly than vapor-phase Hg . 0


The atmosphere above these coastal waters may also have higher concentrations of oxidants.  For some
mercury-contaminated estuaries, the primary source of mercury contamination appears to be aquatic
discharges rather than atmospheric deposition.


Cossa et al. (1996) have reviewed data collected in coastal regions and constructed a mercury
mass balance model specifically for these areas.  In this model, fluxes from river systems to ocean
margins were determined to be the largest input of total mercury to coastal systems.  Annually, about 4.8
Mmol of mercury are assumed to be added via riverine systems.  Cossa et al. (1996) noted that measured
concentrations of total mercury are highly variable, with the highest measured concentrations found in
rivers passing through urban and industrialized areas.  Over 90% of the total mercury transported from
river systems is bound to particles.  Much of this transported particle bound mercury appears to be
unreactive and is assumed to be buried in near shore sediments.  However, Cossa et al. (1996) also note
the potentially important lack of data describing mercury concentrations in tropical river systems.  
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Atmospheric deposition to coastal waters was estimated to be approximately 2 Mmol/yr.  Much
of the deposited mercury in the model is assumed to be chemically reactive, participating in chemical
reactions in the marine environment.  Atmospheric deposition of mercury to other parts of the oceans
followed by transport via upwelling to the coastal regions was also thought to be an important source of
total mercury into these areas, accounting for between 2.5 and 3.5 Mmol/yr.  The movement of mercury
from sediments to coastal waters is considerably less important than the other inputs for this model.  In
total, approximately 3.3 Mmol of mercury is estimated to be present in the coastal waters.


Fluxes of total mercury from coastal waters include (listed in approximate order of significance): 
sedimentation of particle bound mercury derived from both riverine and upwelling regions; export to the
open ocean; and evasion to the atmosphere.  On a global scale, evasion is speculated to be balanced by
deposition to the oceans; regional imbalances may occur with deposition exceeding evasion in the
northern latitudes and the converse occurring in the southern latitudes. 


Cossa et al. (1996) have used this model to describe methylmercury in coastal waters.  Inputs to
coastal waters occur through upwelling from other parts of the ocean (0.1-0.2 Mmol/yr), atmospheric
deposition (0.02 Mmol/yr), river systems (0.01 Mmol/yr), and sediments (0.001 Mmol/yr).  An unknown
quantity is assumed to pass back to the atmosphere through evasion after undergoing demethylation. 
Approximately 0.05 Mmol/yr was predicted to deposit to the sediments and less than 0.04 Mmol/yr was
predicted to pass to deep ocean.  The model indicates that more than half of the methylmercury in coastal
aquatic species originated in waters of the deep ocean; the remainder is the result of methylation of
reactive mercury in coastal waters and methylmercury from other sources.  Cossa et al. (1996) noted
general agreement between their model and the model proposed by Mason and Fitzgerald (1993) and
Rolfus and Fitzgerald (1995).


Mercury (particularly methylmercury) clearly accumulates in coastal marine food webs.  Two
general food webs can be conceptualized:  a benthic sediment community which includes
macroinvertebrates; and a community that resides primarily in the water column, which includes
phytoplankton and zooplankton as well as planktivorous and piscivorous fishes.  For mercury species to
accumulate within members of these food webs, they must be bioavailable and retained within the
tissues.  


Mercuric ions in anoxic sediments are transformed to monomethylmercury primarily through
biotic processes.  The bulk of this activity appears to occur in the top layers of the sediment.  Compeau
and Bartha (1985) showed that sulfate-reducing bacteria such as Desulfovibrio desulfuricans are the
primary group of organisms responsible for this reaction.  The organic matter content of the sediment
appears to be a factor controlling mercury methylation rates (Choi and Bartha, 1994).  Production of
methylmercury in sediments would enable benthic organisms to accumulate this species.  Gagnon and
Fisher (1997) have examined bioavailability of particle-bound inorganic divalent mercury and particle-
bound monomethylmercury to a species of marine mussel and concluded that the assimilation of particle-
bound methylmercury is greater than particle-bound inorganic mercury.  Furthermore, dissolved
methylmercury and divalent mercury are both assimilated in mussels to a greater degree than particle-
bound species.  However, because particulate mercury species dominate dissolved mercury in coastal
waters, Gagnon and Fisher (1997) have concluded that particle-bound methylmercury is likely the major
source of this chemical species to mussels.  Other organisms that dwell in the benthos may share these
characteristics with the mussel.  Of particular concern are benthic worms (Bryan and Langston, 1992)
and higher invertebrates as well as some species of carnivorous fish (such as Cynoglossus macrostomas)
(Joseph and Srivastava, 1993) and terrestrial vertebrates (such as carnivorous birds) which consume
these benthic organisms.  Mercury species may also impact detritivores, as high mercury concentrations
have been associated with decomposing plant materials (Bryan and Langston, 1992).  Some benthic
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invertebrates also have been reported to contain elevated levels of inorganic mercury species.


The food web that exists primarily in the water column may be impacted by methylation of
reactive mercury species.  Concentrations of methylmercury in predatory piscivorous marine fishes that
inhabit coastal waters (such as sharks) may exceed 1 ppm (see Volume IV of this Report).  Much of this
methylmercury is thought to be transferred through the food web. 


2.4.3 Mercury Budget for a Coastal Waterbody in U.S.A.


Mercury fluxes may be defined more precisely for a specific body of water.  For example,
Vandel and Fitzgerald (1995) have developed a preliminary mercury budget for Narragansett Bay in
Rhode Island. The average residence time for waters within this estuary was determined to be 24 days. 
River waters which drained into the bay had higher concentrations of total mercury than water in the bay;
a major component of total mercury in the freshwaters was the strongly-bound fraction.  Concentrations
of the strongly-bound fraction appeared to decline as the salinity increased.  The estimated mercury flux
from the rivers which drain into the bay was 61 g/day (69% of the total flux).  Point sources such as
waste water treatment facilities were estimated to contribute 18.5 g/day (21% of total flux), and
atmospheric deposition was estimated to be 10 g/day (10%of total flux).  Approximately half of the
mercury entering the bay was predicted to be retained within the estuarine sediments; the remainder of
the mercury is transported to the ocean through tidal exchange. 
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3. MEASURED CONCENTRATIONS


This chapter first presents available measurement data for mercury in environmental media and
biota.  This is followed by a discussion of efforts to collect measurement data from remote locations and
near anthropogenic sources of concern.  Note that this chapter does include measured mercury
concentrations in wildlife that function as vectors to humans but does not include measured
concentrations in final receptors of concern (i.e., humans and selected wildlife receptors).  Measurement
data for people and wildlife are presented in Volumes IV and VI, respectively.   


3.1 Analytic Measurement Methods


A number of methods can be employed to determine mercury concentrations in environmental
media.  The concentrations of total mercury, elemental mercury, organic mercury compounds (especially
methylmercury) and chemical properties of various mercuric compounds can be measured, although
speciation among mercuric compounds is not usually attempted.  Recent, significant improvements and
standardizations in analytical methodologies enable reliable data on the concentration of methylmercury,
elemental mercury and the mercuric fraction to be separated from the total mercury in environmental
media.  It is possible to speciate the mercuric fraction further into reactive, non-reactive and particle-
bound components.  It is generally not possible to determine which mercuric species is present in
environmental media (e.g., HgS or HgCl ).2


One of the significant advances in mercury analytical methods over the past decade or so has
been in the accurate detection of mercury at low levels (less than 1 µg/g).  Over the past two decades
mercury determinations have progressed from detection of µg levels of total mercury to picogram levels
of particular mercury species (Mitra, 1986 and Hovart et al., 1993a and 1993b).  Typical detection limits
for data used or presented in this study are on the order of 1 to 2 ng/L for water samples (Sorensen et al.,
1994), 0.1 ng/g for biota (Cappon, 1987; Bloom, 1992) and 0.1 ng/m  for atmospheric samples (Lindberg3


et al., 1992).  Mercury contamination of samples has been shown to be a significant problem in past
studies.  The use of ultra-clean sampling techniques is critical for the more precise measurements
required for detection of low levels of mercury.


3.2 Measurement Data


Based on the current understanding of the mercury cycle, mercury is thought to be transported
primarily through the atmosphere and distributed to other compartments of the environment (Chapter 2). 
The primary source of mercury in terrestrial, aquatic and oceanic environments appears to be the wet or
dry deposition of atmospheric mercury.  Once deposited, the mercury may be revolatilized back to the
atmosphere, incorporated into the medium of deposit or transferred to other abiotic or biotic components
of these environments.


Elemental mercury vapor is the most common form of mercury in the atmosphere and divalent
mercury the most common in soils, sediments and the water column.  The most common form in most
biota is Hg(II); the exception is fish in which the most common form is methylmercury.


3.2.1 Mercury Air Concentrations


As noted in section 2.3.1 anthropogenic emissions are currently thought to account for between
40-75% of the total annual input to the global atmosphere (Expert Panel on Mercury Atmospheric
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Processes, 1994; Hovart et al., 1993b).  Current air concentrations are thought to be 2 - 3 times pre-
industrial levels.  This is in agreement with the several fold increase noted in inferred deposition rates
(Swain et al., 1992; Engstrom et al., 1994; Benoit et al., 1994).


As shown in Tables 3-1 and 3-2, measured U.S. atmospheric mercury concentrations are
generally very low.  The dominant form in the atmosphere is vapor-phase elemental mercury, although
close to emission sources, higher concentrations of the divalent form may be present.  Small fractions of
particulate mercury and methylmercury may also be measured in ambient air.  In rural areas, airborne
particulate mercury is typically 4% or less of the total (particulate + gas phase) mercury in air (U.S. EPA,
1993; WHO, 1990).  Particulate mercury comprises a greater fraction of the total in urban areas U.S.
EPA (1993), and will consist primarily of bound Hg(II) compounds.


There is a substantial body of recent data pertaining to the atmospheric concentrations and
deposition rates of atmospheric mercury collected at specific sites across the U.S.  Most of the collected
deposition data are from sites located some distance from large emission sources.  The data have been
collected by several different groups of researchers.  These data are briefly summarized here.


Keeler et al., (1994) measured vapor- and particulate-phase atmospheric mercury concentrations
from a site in Chicago, IL, two sites in Detroit, MI and a Lake Michigan site.  The mean values are
presented along with the range of measurement data.  The collection period for  these sites was generally
less than one month; for example, the Detroit data were collected during a 10-day period.


Keeler et al., (1995) reported the results of several short-term atmospheric particulate mercury
measurements in Detroit, MI and longer-term (1-year) particulate measurements at rural  sites in
Michigan and Vermont.  In the Detroit measurements the particulates sampled were divided into two
categories:  fine (<2.5 µm) and coarse (>2.5 µm).  The average size of the fine particles was 0.68 µm, and
the average size of the coarse particles was 3.78 µm.  Most (mean=88%) of the particulate mercury at the
Detroit, MI site was measured on fine particles; the range for individual samples was 60-100% of total
particulate.


Fitzgerald et al., (1991) reported measured mercury concentrations at Little Rock Lake, WI from
May of 1988 through September of 1989 and particulate mercury concentrations at Long Island Sound
(Avery Point, CT).


Table 3-1
Summary of Measured Mercury Concentration


in Air (U.S. EPA, 1993)


Total Atmospheric Mercury (ng/m ) %Hg(II) % Methylmercury3


Rural areas:  1 - 4 1-25% 0-21%
Urban areas: 10 - 170


a b


 Higher fractions in urban areasa


 Generally % methylmercury on low end of this rangeb
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Table 3-2
Measured Vapor- and Particulate-Phase Atmospheric Mercury Concentrations


Site Vapor-Phase Mercury Particulate-Phase Mercury Conc. Reference
Conc. in ng/m  Mean in ng/m3


Mean (Range)


3


(Range)


Chicago, IL 8.7 (1.8-62.7) 0.098 (0.022-0.52) Keeler et al., (1994)


Lake Michigan 2.3 (1.3-4.9) 0.028 (0.009-0.054) Keeler et al., (1994)


South Haven, MI 2.0 (1.8-4.3) 0.019 (0.009-0.029) Keeler et al., (1994)
0.022 (max 0.086) Keeler et al., (1995)


Ann Arbor, MI 2.0 (max 4.4) 0.10 (max 0.21) Keeler et al., (1994)
0.022 (max 0.077) Keeler et al., (1995)


Detroit, MI Site A >40.8 (max >74) 0.34 (max 1.09) Keeler et al., (1994)
0.094 (0.022-0.23) Keeler et al., (1995)


Detroit, MI Site B 3.7 (max 8.5) 0.30 (max 1.23) Keeler et al., (1994)


Pellston, MI 0.011 (max 0.032) Keeler et al., (1995)


Underhill Center, VT 2.0 (1.2-4.2) 0.011 (0.001-0.043) Burke et al., (1995)


Broward County, FL 1.8 0.034 Dvonch et al., (1995)a


Background Site near
Atlantic Ocean (Site 1)


Broward County, FL 3.3 0.051 Dvonch et al., (1995)
Inland (Site 2)


Broward County, FL 2.8 0.049 Dvonch et al., (1995)
Inland (Site 3)


Little Rock Lake, WI 1.6 (1.0-2.5) 0.022 (0.007-0.062) Fitzgerald et al., (1991)


Long Island Sound, Avery (1.4-5.3): 0.062 (0.005-0.18) Particulate:  Fitzgerald et al., (1991)
Pt., CT 95-100% elemental; Vapor:  Bloom and Fitzgerald et al., (1988)b


0-1% methylmercury


Crab Lake, WI 1.7 Winter 0.006 Lamborg et al., (in press)
Summer 0.014


 Diurnal variations were also noted; elevated concentrations were measured at night.  For example at site 2 the average nighttime vapor-phasea


concentration was 4.5 ng/m .  This was attributed to little vertical mixing and lower mixing heights that occur in this area at night.3


 99% of Total Gaseous Mercury is Hg .  During 1 month (October) the mean methylmercury concentration was measured to be 12 pg/m  with ab 0 3


range of 4-38 pg/m ; 0.7% of the total gaseous mercury was methylmercury.  During November it was measured as <10 pg/m  and from3 3


December through August it was measured below the detection limit (<5 pg/m ).3
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3.2.2 Mercury Concentrations in Precipitation


Mercury concentrations in precipitation are shown in Table 3-3.  Total mercury concentrations in
rainwater are typically higher than in surface water.  This is thought to be the result of efficient
scavenging of divalent mercury by rain droplets and the oxidation of elemental mercury to divalent
mercury, while mercury in surface waters can be lost by revolatilization from the water body and
sequestration in the sediment.


Table 3-3
Measured Mercury Concentrations in Precipitation


Site Mean Mercury Concentration in Reference
precipitation, ng/L Mean (Range)


Ely, MN 20 in 1988 1988-89 data: Glass et al., (1992)
51 in 1989 1990 data: Sorensen et al., (1992)
13 in 1990


Duluth, MN 23 in 1988 1988-89 data: Glass et al., (1992)
11 in 1989 1990 data: Sorensen et al., (1992)
13 in 1990


Marcell, MN 18 in 1988 Glass et al., (1992)
18 in 1989


Bethel, MN 13 in 1990 Sorensen et al., (1992)


Cavalier, ND 19 in 1990 Sorensen et al., (1992)


International Falls, MN 9 in 1990 Sorensen et al., (1992)


Lamberton, MN 15 in 1990 Sorensen et al., (1992)


Raco, MN 10 in 1990 Sorensen et al., (1992)


Little Rock Lake, WI 11 (3.2-15) in rain Fitzgerald et al., (1991)
 6 in snow


Crab Lake, WI 7.9 in rain Lamborg et al., (1995)
3.3 in snow


Underhill Center, VT 8.3 Burke et al., (1995)a


Broward County, FL Total:  35 (15-56) Dvonch et al., (1995)
Background Site near Atlantic Ocean Reactive:  1.0 (0.5-1.4)
(Site 1)


Broward County, FL Total:  40 (15-73) Dvonch et al., (1995)
Inland (Site 2) Reactive:  1.9 (0.8-3.3)


Broward County, FL Total: 46 (14-130) Dvonch et al., (1995)
Inland (Site 3) Reactive: 2.0 (1.0-3.2)


Broward County, FL Total: 57 (43-81) Dvonch et al., (1995)
300 m from MWC (Site 4) Reactive: 2.5 (1.7-3.7)


 Both the concentrations of mercury in precipitation and the amount of precipitation deposited/event increased in spring and summer.  Mosta


(66%) of the mercury in the spring and fall precipitation samples (only ones tested) was dissolved.  The mean concentration of reactive mercury
was 1.0 ng/L.  Higher particulate concentrations were observed in the winter.
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Total mercury concentrations in precipitation are generally less than 100 ng/L in areas not
directly influenced by an emissions source, including suburban and urban locations.  Levels much higher
(greater than 1000 ng/L) however, have been reported for precipitation downwind of anthropogenic
mercury sources (NJDEPE 1993; see also "Measured Mercury Levels from Point Sources" section
below).  Areas downwind of mercury sources also show the greatest variability in precipitation
concentrations.  Mercury concentrations do not vary much among different precipitation types (snow,
rain, and ice; NJDEPE 1993, Fitzgerald et al., 1991).   Mercury precipitation concentrations show a
seasonal pattern, with average concentrations several times higher during the summer than during the
winter months, even in areas with a warm climate (Pollman et al., 1994).  Current average precipitation
mercury levels are on the order of 2-4 times greater than pre-industrial levels, based on information on
the increases in mercury deposition rates (Swain et al., 1992; Expert Panel on Mercury Atmospheric
Processes, 1994).  The concentration of methylmercury in rain is minor, and its origins are uncertain (see
Table 3-4).


Table 3-4
Measured Mercury Concentrations in Rain Which Include Methylmercury Estimates (ng/L)


Study Description Total Methyl- % Methyl- Reference
Mercury mercury mercury
(ng/L) (ng/L)


Swedish rain:  9 samples and 7.5-89.8 0.04-0.59 0.1-3.7 Lee and Iverfeldt
4 sites. (1991)


6 Samples at Little Rock 3.5-15 0.06-0.22 0.4-6.3 Fitzgerald et al.
Lake, WI. (1991)


N.B. The difference between Total mercury and methylmercury can be considered Hg(II) species (Brosset 1981; U.S.
EPA 1988). This is assumed for all water samples.


3.2.3 Mercury Deposition Rates


Environmental mercury is widely thought to be transported primarily through the atmosphere. 
The primary source of mercury in terrestrial, aquatic and oceanic environments appears to be the wet or
dry deposition of atmospheric mercury.  Once deposited, the mercury may be revolatilized back to the
atmosphere, incorporated into the medium of deposit or transferred to abiotic or biotic components of
these environments.


Intensive, site-specific studies of environmental mercury fluxes have been done at only a handful
of U.S. sites.  Watras et al., (1994) summarize the collected data and present a conceptualization of
mercury fluxes between abiotic and biotic components of the environment in 7 Northern Wisconsin
seepage Lakes, including Little Rock Lake.  Most of the mercury was thought to enter the lakes through
atmospheric deposition with wet deposition of mercury contributing the most to the total.  The total
amount deposited was approximately 10 µg/m /yr.  Most of the mercury deposited was thought to deposit2


into the sediment or volatilize back into the atmosphere.  There was a net production of methylmercury
in the lakes with most of the produced methylmercury being stored in the tissues of fish.  The behavior of
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mercury at most U.S. sites is not characterized to the same degree as at Little Rock Lake, WI.  It should
be noted that Little Rock Lake is a rather remote seepage lake and that atmospheric mercury may behave 
differently closer to emission sources.  Mercury may also behave differently in different types of
watersheds and waterbodies.


Measured wet deposition rates are given in Table 3-5.  Similar measurements of dry deposition
are rare due to limitations of analytical methods.  In particular, dry deposition of divalent mercury vapor
has not been measured to date.  This is a major source of uncertainly because its high reactivity implies
that it may be efficiently removed from the atmosphere via dry deposition.


Burke et al., (1995) measured mercury concentrations on a precipitation event basis for one year
at a rural site in Vermont.  Underhill Center, VT is located near Lake Champlain and was 200 Km away
from a major urban or industrial area.


Dvonch et al., (1995) conducted a 4-location, 20 day mercury study in Broward County, FL. 
Broward county contains the city of Ft. Lauderdale as well as an oil-fired utility boiler and a municipal
waste combustion facility.  Daily measurements of atmospheric particulate and vapor-phase mercury
were collected at 3 of the 4 sites, and daily precipitation samples were collected at all sites.


Hoyer et al., (1995) conducted a 2-year study of mercury concentrations in precipitation (by
event) at 3 rural sites (Pellston, South Haven, and Dexter) in the state of Michigan.


Several authors have estimated mercury total deposition (wet and dry) rates by sample coring of
various media.  For example, Engstrom et al., (1994) used lake core sediments to estimate a current
deposition rate of 12.5 µg/m /yr and a preindustrial (natural) deposition rate 3.7 µg/m /yr for remote2 2


lakes located in Minnesota and northern Wisconsin.  Benoit et al., (1994) analyzed mercury
concentrations in a peat bog at a Minnesota site.  The estimated pre-1900 deposition rate at this site was
7.0 µg/m /yr, and the current mean deposition rate was estimated to be 24.5 µg/m /yr.  Estimates of total2 2


deposition are given in Table 3-6.
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Table 3-5
Mercury Wet Deposition Rates (ug/m /yr)2


Site Wet Mercury Deposition Rates (ug/m /yr), Reference2


Means


Ely, MN 17 in 1988 1988-89 data: Glass et al., (1992)
42 in 1989 1990 data: Sorensen et al., (1992)
6.7 in 1990


Duluth, MN 20 in 1988 1988-89 data: Glass et al., (1992)
6.5 in 1989 1990 data: Sorensen et al., (1992)
9.3 in 1990


Marcell, MN 17 in 1988  Glass et al., (1992)
14 in 1989


Bethel, MN 13 in 1990  Sorensen et al., (1992)


Cavalier, ND 6.1 in 1990 Sorensen et al., (1992)


International Falls, 5.5 in 1990 Sorensen et al., (1992)
MN


Lamberton, MN 9.3 in 1990 Sorensen et al., (1992)


Raco, MN 8.9 in 1990 Sorensen et al., (1992)


Little Rock Lake, WI 4.5 from rain Fitzgerald et al., (1991)
2.3 from snow


Crab Lake, WI 4.4 from rain Lamborg et al., (1995)
0.8 from snow


Nothern MN 10-15 Sorensen et al., (1990)


Pellston, MI 5.8 in year 1 Hoyer et al., (1995)
5.5 in year 2
0.07 ug/m  (max 0.51)  per rainfall event2


South Haven, MI 9.5 in year 1 Hoyer et al., (1995)
13 in year 2
0.12 ug/m  (max 0.85)  per rainfall event2


Dexter, MI 8.7 in year 1 Hoyer et al., (1995
9.1 in year 2
0.10 ug/m  (max 0.98)  per rainfall event2


Underhill Center, VT 9.3 Burke et al., (1995)
0.07 ug/m  per rainfall event2
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Table 3-6
Estimated Mercury Total Deposition Rates


Site Estimate of Pre- Estimate of Current Annual Reference
industrial Annual Deposition Rates µg/m /yr
Deposition Rates
µg/m /yr2


2


Minnesota and northern 3.7 12.5 Swain et al. (1992);
Wisconsin Engstrom et al., (1994) 


Lake core sediments


Minnesota 7.0 24.5 Benoit et al., (1994)  
Peat bog core sampling


Little Rock Lake, WI 10 Fitzgerald et al., (1991)a


Crab Lake, WI 7.0 (86% estimated to Lamborg et al.,a


deposit in summer) (1995)


 Data includes previously tabled values of wet deposition plus particulate deposition.  Fitzgerald et al., 1991 did not collecta


particulate size data.  Assuming a particulate deposition velocity of 0.5 cm/s, a yearly average particulate deposition flux of
3.5+/- 3 ug/m /yr was estimated.  Lamborg et al., (1995) noted the smaller particle sizes in the winter and assumed a deposition2


velocity 0.1 cm/s for the average winter concentrations (7 pg/m ) and a deposition velocity of 0.5 cm/s for average summer3


concentrations (26 pg/m ).3


3.2.4 Mercury Concentrations in Water


Tables 3-7 through 3-9 show measured data in surface water, groundwater and ocean water. 
There is a great deal of variability in these data, some of which may be due to the seasonality of the
water concentrations.







3-9


Table 3-7
Measured Mercury Concentrations in Surface Fresh Water (ng/L)


Study Description Total Methyl- % Reference
Mercury mercury Methyl-
(ng/L)  (ng/L) mercury


Swedish lakes: 8 sites, 2-4 samples 1.35-15 0.04-0.8 1.0-12 Lee and Iverfeldt (1991)
each.


Swedish mires: 8 sites, 4 samples 2.9-12 0.08-0.73 2-14 Westling (1991)
each.


Lake Cresent, WA 0.163 <0.004 <2.5 Bloom and Watras (1989)


Swedish runoff: 7 sites, 3 samples 2-12 0.04-0.64 1-6 Lee and Iverfeldt (1991)
each.


Little Rock Lake: reference basin. 1.0-1.2 0.045-0.06 mean of 5 Watras and Bloom (1992)


Lake Michigan (total) 7.2 microlayer Cleckner et al. (1995)
8.0 at 0.3m
6.3 at 10m


Lake Champlain (filtered) 3.4 microlayer Cleckner et al. (1995)
3.2 at 0.3m
2.2 at 15m


Lakes 0.04 - 74 NA NA NJDEPE (1993)
Rivers and Streams 1 - 7


Table 3-8
Measured Mercury Concentrations in Ground/Drinking Water (ng/L)


Study Description Total Mercury Reference


Southern New Jersey domestic wells Up to and exceeding 2000 Dooley (1992)


Drinking/Tap water in U.S. 0.3-25 NJDEPE (1993)


Washington State well 0.3 Bloom (1989)
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Table 3-9
Measured Mercury Concentrations in Ocean Water (ng/L)


Study Description Total Mercury Reference
(ng/L)


Review on concentrations of dissolved 0.5 - 3.0 WHO (1989)
mercury: Open ocean


Review on concentrations of dissolved 2 - 15 WHO (1989)
mercury: Coastal sea water


Hg along the Italian coast Dissolved: 1.7-12.2 Seritti et al. (1982)
Particulate: 0.3 - 80


Puget Sound near-shore sea water 0.72 Hovert et al. (1993b)


Total mercury levels in lakes and streams generally are lower than mercury levels found in
precipitation, with levels typically well under 20 ng/L (NJDEPE 1993).  Elevated levels may be found in
lakes and streams thought to be impacted by anthropogenic mercury sources but not to the extent that
precipitation levels appear to be.  Total lake water mercury concentrations tend to increase with lower
pH and higher humic content (U.S. EPA, 1993).  Present-day mercury levels in freshwater are thought to
be 2 - 7 times greater than pre-industrial levels (Swedish EPA, 1991).  Methylmercury percentages are
higher that those in precipitation, ranging from 5 - 20%, with levels around 10% being the most
common.  Mercury levels continue to increase in many lakes (Swedish EPA, 1991).


It is important to note that much of the data on mercury in drinking water and ground water
report levels as below detection limits (U.S. EPA, 1988), although the detection limit was a somewhat
dated 100 ng/L.  Lindqvist and Rodhe (1985) report that the concentration range for mercury in drinking
water is the same as in rain, with an average estimate for total mercury of 25 ng/L.  It seems reasonable
to assume similar speciation as no speciation data could be found.  Dooley (1992) states that mercury
concentrations in pristine wells are likely to be below that of unpolluted surface waters.


Table 3-9 shows published values for mercury concentrations in ocean water.  Limited speciation
data are available.  Hovert et al. (1993b)  reported that 2.8% of total mercury was methylmercury, which
is not much different from the speciation in fresh water.  Total mercury concentrations in ocean and sea
water vary from undetectable to over 1000 ng/l (Nriagu, 1979).


3.2.5 Mercury Concentrations in Soil/Sediment


Table 3-10 presents reported mercury concentrations in soil.  The relatively high concentrations
illustrate the strong partitioning of mercury to soils.  Based on the soil data presented, it can be inferred
that soil, while not as important as the atmosphere, is a significant reservoir for environmental mercury. 
The concentrations are presented as total mercury and methylmercury.  Most of the soil mercury is
thought to be Hg(II).
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Table 3-10
Measured Mercury Concentration in Soil


Study Description Total Methyl- % Reference
Mercury mercury Methyl-
(ng/g dry (ng/g dry mercury
weight) weight)


Discovery Park, Seattle, WA 29 - 133 0.3-1.3 0.6-1.5 Lindqvist et al. (1991)


Wallace Falls, Cascades (WA) 155 - 244 1.0-2.6 0.5-1.2Lindqvist et al. (1991)


Control Soil, New York State 117 4.9 4.2 Cappon (1981)


Compost, New York State 213 7.3 3.3 Cappon (1987)


Garden soil, New York State 406 22.9 5.3 Cappon (1987)


Typical U.S. Soils 8 - 117 NA NA NJDEPE (1993)


N.B.  As in water samples the fraction of Hg , if present at all, will be very small compared to Hg(II) (Revis et al., 1990), and the0


difference between Total mercury and methylmercury can be considered to be Hg(II) to be species.


Soil mercury levels are usually less than 200 ng/g in the top soil layer, but values exceeding this
level are not uncommon, especially in areas affected by anthropogenic activities (see section 2.6).  Soil
mercury levels vary greatly with depth, with nearly all the mercury found in the top 20 cm of soil. 
Mercury levels are also positively correlated with the percentage of organic matter in soil (Nriagu 1979). 
Top soil mercury concentrations are estimated to be a factor of 4-6 (Swedish EPA, 1991) higher now as
compared to pre-industrial concentrations.  Methylmercury percentages in soil are typically on the order
of a few percent.  Soil mercury levels are continuing to rise (Fitzgerald 1994), and most (up to 95%) of
the anthropogenic mercury released over the past 100 years resides in surface soil (Fitzgerald, 1994;
Expert Panel on Mercury Atmospheric Processes, 1994).  Mercury from soil provides in most cases
(depending on watershed characteristics) the main source of mercury to water bodies and fish.  Mercury
is very slowly removed from soil, and long after anthropogenic emissions are reduced, soil and water
concentrations can be expected to remain elevated.


Sediment mercury levels are typically higher than soil levels, and concentrations exceeding
200 ng/g are not unusual (see Table 3-11).  Sediment mercury levels follow the same trends as soil in
regards to depth, humic matter, and historical increases, and methylmercury percentage.  There is some
evidence suggesting that the methylmercury percentage increases with increasing total mercury
contamination (Parks et al., 1989).


Two large-scale monitoring projects have measured mercury levels in coastal sediments: the
Naional Oceanic and Atmospheric Administration’s (NOAA’s) National Status and Trends (NS&T)
Program and EPA’s Environmental Monitoring and Assessment Program (EMAP) for estuaries.  These
programs and their findings are discussed below.
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Table 3-11
Measured Mercury Concentrations in Freshwater Aquatic Sediment


Study Description Total Mercury (ng/g Reference
dry weight)


80 MN Lakes 34-753; mean 174 Sorensen et al. (1990)


North Central WI Lakes 90-190 Rada et al. (1989)


Little Rock Lake, WI 10-170 Wiener et al. (1990)


U.S. Lake sediment mean ranges 70-310 NJDEPE (1993)


NOAA’s NS&T Program was initiated in 1984 to determine the status of, and detect changes in,
the environmental quality of our Nation’s estuarine and coastal waters.  Currently, the NS&T Program
conducts periodic chemical monitoring for more than 70 organic chemicals and trace elements in benthic
(bottom-dwelling) fish, sediments and bivalve mollusks (mussels and oysters) at more than 300 sites
throughout the United States.  The Mussel Watch Project and the Benthic Surveillance Project, which are
components of the NS&T Program, have measured concentrations of mercury in sediments.  These data,
collected during the period 1984-1991, are summarized on a regional basis in Table 3-12. 
Concentrations along the North Atlantic, Middle Atlantic, and Pacific coasts (0.14, 0.12, and 0.08 µg/g
dry weight, respectively) are higher relative to those along the South Atlantic and Eastern and Western
Gulf coasts (0.03, 0.05, and 0.04 µg/g dry weight, respectively).  The highest concentrations measured
exceed 2.0 µg/g dry weight along the North Atlantic and Pacific coasts (5.00 and 2.20 µg/g dry weight,
respectively).  Information on temporal trends is not available.


EMAP is a national program initiated in 1989 in response to the EPA Science Advisory Board’s
recommendation to monitor the status and trends of U.S. ecological resources -- terrestrial, freshwater
and marine.  The program is directed by EPA’s Office of Research and Development, with participation
by other federal agencies (e.g., NOAA, U.S. Forest Service, U.S. Fish and Wildlife Service).  One of the
original goals of EMAP was to quantitatively evaluate the condition of coastal estuaries by monitoring
environmental conditions, including sediment contamination.  More recently, the goals of EMAP have
been refined to emphasize �indicator development� and other methods for translating monitoring data
into assessments of ecological condition.  There will be diminished emphaiss on large-scale monitoring.
Nevertheless, sediment contamination levels were measured in the Virginia Province (Cape Cod to
Chesapeake Bay) during the period 1990-1993.  For the 1992 samples, the median mercury
concentrations in Chesapeake Bay and Long Island Sound sediments were 0.054 and 0.088 µg/g dry
weight, respectively (Strobel et al. 1994).
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Table 3-12
Mercury Concentration in Sediments from NS&T Sites (1984-1991)


Region States Range  Concentration
Concentration Median


(µg/g-dry weight) (µg/g-dry weight)


North Atlantic ME, MA , RI, CT, NY, NJ 0.007-5.00 0.14


Middle Atlantic  DE, MD, VA 0.010-0.84 0.12


South Atlantic NC, SC, GA, FL (east coast) 0.002-0.27 0.03


Eastern Gulf of Mexico FL (west coast), AL, MS 0.007-0.98 0.05


Western Gulf of Mexico LA, TX 0.009-0.34 0.04


Pacific CA, OR, WA, HI, AK 0.009-2.20 0.08


3.2.6 Mercury Concentrations in Biota


Elevated mercury concentrations in fish have been measured across the U.S.  As seen in Figure
3-1, 35 states have at least one waterbody under mercury advisory, including six states with statewide
mercury advisories.  There are differences in the action levels for advisories from state to state.  Fish
mercury concentrations are the single greatest concern in regards to the effects of mercury pollution. 
Fish in lakes seemingly far removed from anthropogenic sources have been found to have mercury levels
of concern to human health.  Mercury levels in fish vary greatly, often showing little correlation to
proximity to mercury emission sources.  In Sweden, fish mercury concentrations in 1 kg pike have risen
from 0.05 - 0.3 µg/g to 0.5 - 1.0 µg/g in southern and central Sweden over the last 100 years.  Fish
mercury concentrations in most cases strongly correlate with pH (lower pH resulting in higher
methylmercury concentrations).  Other lake characteristics have been found to correlate with fish
mercury levels, but not as strongly as pH, with some factors showing a positive correlation in some lakes
and a negative correlation in others (U.S. EPA, 1993).


It has been so well established that most (>95%) of the total mercury content of fresh and
saltwater fish is methylmercury (Bloom, 1992) that currently some researchers no longer speciate fish
samples (NJDEPE 1994).  Thus, only total mercury concentrations are reported here.  Approximately
90% of the mercury in shrimp, mussels and copepods from IAEA standards contain other forms of
mercury (only about 10% of total mercury is methylmercury), but rather about 90% of the mercury total
concentration is ethylmercury (Bloom, 1992).  (It should be noted that ethylmercury exposure was not
assessed in this document.)
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The data from two studies national in scope are summarized in Table 3-13.  Lowe et al. (1985)
reported mercury concentrations in fish from the National Contaminant Biomonitoring Program.  The
fresh-water fish data were collected between 1978-1981 at 112 stations located across the United States. 
Mercury was measured by a flameless cold vapor technique, and the detection limit was 0.01 µg/g wet
weight.  Most of the sampled fish were taken from rivers (93 of the 112 sample sites were rivers); the
other 19 sites included larger lakes, canals, and streams.  Fish weights and lengths were consistently
recorded.  A wide variety of types of fishes were sampled; most commonly carp, large mouth bass, and
white sucker.  The geometric mean mercury concentration of all sampled fish was 0.11 µg/g wet weight;
the minimum and maximum concentrations reported were 0.01 and 0.77 µg/g wet weight, respectively. 
The highest reported mercury concentrations (0.77 �g/g wet weight) occurred in the northern squawfish
of the Columbia River.


"A National Study of Chemical Residues in Fish" was conducted by U.S. EPA (1992) and also
reported by Bahnick et al. (1994).  In this study mercury concentrations in fish tissue were analyzed. 
Five bottom feeders (e.g., carp) and five game fish (e.g., bass) were sampled at each of the 314 sampling
sites in the U.S.  The sites were selected based on proximity to either point or non-point pollution
sources.  Thirty-five "remote" sites among the 314 were included to provide background pollutant
concentrations.  The study primarily targeted sites that were expected to be impacted by increased dioxin
levels.  The point sources proximate to sites of fish collection included the following:  pulp and paper
mills, Superfund sites, publicly owned treatment works, and other industrial sites.  Data describing fish
age, weight, and sex were not consistently collected.  Whole body mercury concentrations were
determined for bottom feeders, and mercury concentrations in fillets were analyzed for the game fish. 
Total mercury levels were analyzed using flameless atomic absorption; the reported detection limits were
0.05 µg/g early in the study  and 0.0013 µg/g as analytical technique improved later in the analysis. 
Mercury was detected in fish at 92% of the sample sites.  The maximum mercury level detected was 1.8
µg/g, and the mean across all fish and all sites was 0.26 µg/g.  The highest measurements occurred in
walleye, large mouth bass, and carp.  The mercury concentrations in fish around publicly owned
treatment works were highest of all point source data; the median value measured were 0.61 µg/g.  Paper
mills were located near many of the sites where mercury-laden fish were detected. 


The mean mercury concentrations in all fish sampled differ by approximately a factor of 2 for
each study.  The mean mercury concentration reported by Lowe et al. was 0.11 �g/g, whereas the mean
mercury concentration reported by Bahnick et al. was 0.26 �g/g.  This is difference which can be
extended to the highest reported mean concentrations in fish species.  Note that the average mercury
concentrations in bass and walleye reported by Bahnick's data are higher than the northern squawfish,
which is the species with the highest mean concentration of mercury identified by Lowe et al. (1985).


The bases for these differences in methylmercury concentrations are not immediately obvious. 
The trophic positions of the species sampled, the sizes of the fish, or ages of fish sampled could
significantly increase or decrease the reported mean mercury concentration.  Older and larger fish, which
occupy higher trophic positions in the aquatic food chain, would, all other factors being equal, be
expected to have higher mercury concentrations.  The sources of the fish will also influence fish mercury
concentrations.  Most of the fish obtained by Lowe et al. (1985) were from rivers.  The fate and transport
of mercury in river systems is less well characterized than in small lakes.  Most of the data collected by
Bahnick et al. (1994) were collected with a bias toward more contaminated/industrialized sites, although
not sites specifically contaminated with mercury.  It could be that there is more mercury available to the
aquatic food chains at the sites reported by Bahnick et al. (1994).  Finally, the increase in the more recent
data as reported in Bahnick et al., 1994 could be the result of temporal increases in mercury
concentrations.
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Table 3-13
Freshwater Fish Mercury Concentrations from Nationwide Studies


Species Mean Mercury Concentration µg/g  (fresh weight)


Lowe et al., (1985) U.S.EPA (1992c) and Bahnick et al., (1994)


Bass 0.157 0.381


Bloater 0.093


Bluegill 0.033


Smallmouth Buffalo 0.096


Carp, Common 0.093 0.11


Catfish 0.088 0.162 3


Crappie (black, white) 0.114 0.22


Fresh-water Drum 0.117


Northern Squawfish 0.33


Northern Pike 0.127 0.31


Perch (white and yellow) 0.11


Sauger 0.23


Sucker 0.114 0.1674 5


Trout (brown, lake, rainbow) 0.149 0.146


Walleye 0.100 0.52


Mean of all measured fish 0.11 0.26


 Average concentration found in white, largemouth and smallmouth bass.1


 Channel, largemouth, rock, striped, white catfish.2


 Channel and flathead catfish.3


 Bridgelip, carpsucker, klamath, largescale, longnose, rivercarpsucker, tahoe sucker.4


 Mean of average concentrations found in white, redhorse and spotter sucker.5


 Brown trout only.6


Another national study of pollutant contamination in biota is the Mussel Watch Project, which is
a component of NOAA’s NS&T Program.  The Mussel Watch Project measures concentrations of 
organic and trace metal contaminants in fresh whole soft-parts of bivalave mollusks (i.e., mussels and
oysters) at over 240 coastal and estuarine sites.  These data, which are available for 1986-1993, are
summarized in Table 3-14.  Concentrations along the North Atlantic, Eastern Gulf, and Pacific coasts
(0.15, 0.14, and 0.11 µg/g dry weight, respectively) are higher relative to those along the Middle Atlantic,
South Atlantic, and Western Gulf coasts (0.06, 0.09, and 0.08 µg/g dry weight, respectively).  The
highest concentrations measured exceed 1.0 µg/g dry weight along the Western Gulf and Pacific coasts
(1.80 and 1.01 µg/g dry weight, respectively). 
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Table 3-14
Mercury Concentration in Bivalve Mollusks from Mussel Watch Sites (1986-1993)


Region States Range  Concentration
Concentration Median


(µg/g-dry weight) (µg/g-dry weight)


North Atlantic ME, MA , RI, CT, NY, NJ 0.005-0.72 0.15


Middle Atlantic DE, MD, VA 0.003-0.33 0.06


South Atlantic NC, SC, GA, FL (east coast) 0.012-0.98 0.09


Eastern Gulf of Mexico FL (west coast), AL, MS 0.005-0.72 0.14


Western Gulf of Mexico LA, TX 0.002-1.80 0.08


Pacific CA, OR, WA, HI, AK 0.002-1.01 0.11


For the purpose of temporal analysis, annual Mussel Watch data on mercury concentrations in
bivalve mollusks at specific sites have been aggregated to national geometric means (O’Conner and
Beliaeff 1995).  The national means, which are shown in Table 3-15, do not show any temporal trend in
mercury concentrations in mussels and oysters for the period 1986-1993.


Table 3-15
Nationwide Geometric Mean Concentrations of Mercury in Bivalve Mollusks (1986-1993)


1986 1987 1988 1989 1990 1991 1992 1993


Mean Mercury Concentration 0.11 0.11 0.11 0.12 0.09 0.11 0.11 0.12
(µg/g-dry weight)


Temporal trend analysis was also conducted on a site-by-site basis for 154 Mussel Watch sites
that had data for at least six years during the period 1986-1993 (O’Conner and Beliaeff 1995).  Seven
sites exhibited an increasing trend in mercury concentrations, and eight sites exhibited a decreasing trend
in mercury concentrations, with 95% statistical confidence.  The sites with increasing and decreasing
trends are shown in Table 3-16.
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Table 3-16
Trends in Mercury Concentrations in Bivalve Mollusks (1986-1993)


Site Name State


Increasing Trend


Mobile Bay - Hollingers Island Cahnnel AL


Lake Borgne - Malheureux Point LA


Galveston Bay - Confederate Reef TX


Point Loma - Lighthouse CA


San Francisco Bay - Emeryville CA


Point Arena - Lighthouse CA


Crescent - Point St. George CA


Decreasing Trend


Charlotte Harbor - Bord Island FL


Mississippi Sound - Pascagoula Bay MS


Sabine Lake - Blue Buck Point TX


Mission Bay - Ventura Bridge CA


Marina Del Rey - South Jetty CA


Elliott Bay - Four-Mile Rock WA


Sinclair Inlet - Waterman Point WA


Whidbey Island - Possession Point WA


The studies reported by Lowe et al. (1985) and by Bahnick et al. (1994) and the Mussel Watch
Project are systematic, national examinations of pollutant concentrations in biota.  Higher mercury
concentrations in biota have been found in other studies that focused on specific locations.  These data,
which are presented below, indicate wide variations in mercury levels in biota.


Table 3-17 summarizes measured mercury concentrations in freshwater sportfish as reported by
a number of researchers, and Table 3-18 summarizes available data on measured mercury concentrations
in saltwater commercial fish.  In general, the mercury levels in freshwater fish appear to be higher than
the levels in saltwater fish.  Several authors report mercury levels that are higher than 1 ug/g (1 �g/g) in
the muscle of freshwater fish:  NJDEPE (1994); Wren, et al. (1991); Lathrop et al. (1989); MacCrimmon
et al. (1983); Lange et al. (1993); Glass et al. (1990); Sorensen et al. (1990); U.S. EPA (1992a), U.S.
EPA (1992b); Simonin et al. (1994); and Florida DER (1990).   Due to the importance of fish mercury
levels, discussions of several of the mercury studies referenced in the tables are summarized here.


The New Jersey Department of Environmental Protection and Energy collected individual fish
samples throughout the state (NJDEPE 1994).  Generally larger fish were sampled from New Jersey
rivers, lakes and reservoirs known to be contaminated with mercury or at risk for mercury contamination. 
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Samples were prepared as skin-off fillets, and clean protocols were used throughout the analysis. 
Mercury levels in fish exceeded the FDA Criterion of 1.0 ug/g (wet weight) in 50 of the 313 sampled fish
and at 15 of the 55 sample locations.  It is noted that the FDA criterion is applicable to fish sold through
interstate commerce in the United States under the Food, Drug and Cosmetic Act (21 U.S.C. 301). 
Levels of greater than 0.5 ug/g (wet weight) occurred in 108 of the 313 fish.  The highest reported
concentration occurred in a largemouth bass taken from the Atlantic City Reservoir at a concentration of
8.94 ug/g.  The mercury levels in all six of the largemouth bass sampled from this site were elevated.  At
the Atlantic City site the range of mercury concentrations was 3.05 to 8.94 and the mean was 4.5 ug/g. 
The overall study range for largemouth bass was 0.05 to 8.94 ug/g.  High levels were also noted in chain
pickerel particularly those obtained from a series of low pH waterbodies.  The range of mercury
concentrations reported for chain pickerel was 0.09 to 2.82 ug/g.  Levels of greater than 1 ug/g were also
reported in yellow bullheads (maximum reported 1.47 ug/g).  Acidity of these waterbodies was also
measured, and reported in Table 3-17 are the ranges of mean fish mercury concentrations for 9 pH
categories.


Simonin et al. (1994) collected yellow perch from 12 drainage lakes located in Adirondack Park,
New York State, during the fall of 1987.  The age of the fish was determined from acetate impressions of
the scales,  and filets (including the skin and ribs) were analyzed for total mercury. Lake water samples
were taken late in the summer of 1987 and included analysis of pH, dissolved inorganic and organic
carbon (DIC and DOC), conductance, color, acid neutralizing capacity (ANC) and a number of metals
and ligands.  A total of 372 fish were collected, with 7 to 53 fish taken per lake.  Fish ranged from 2+ to
11+ years of age, with 4+ year old fish being the most common; fish of this age were used in making
comparisons among lakes.  It was found that air-equilibrated pH was the best predictor of mercury
concentrations, with lower lake pH resulting in higher mercury levels in perch.  This was clear despite
large variations in mercury concentrations from the same lake.  Perch mercury concentrations from the
highest pH lake (considering all ages) ranged from 0.07 - 0.27 �g/g wet wt., the corresponding range for
the lowest pH lake was 0.63 - 2.28 �g/g.  Other variables that were highly correlated (p <0.0001) with
fish mercury levels included ANC, DIC, Ca, conductivity, Mg and field pH.  Variables less strongly
correlated (p <0.05) include DOC, Na, SO , lake area and watershed area.  Variables not correlated with4


4+ year old yellow perch include color, total phosphorus, Al, Cl-, lake depth, ratio of watershed area to
lake area, ratio of watershed area to lake volume, fish length and fish weight.  For a given lake, fish age
was most strongly correlated with mercury concentrations; older fish had the highest concentrations. 
Fish length and weight were also significantly correlated.
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Table 3-17
Measured Mercury Concentrations Freshwater Sportfish (Total Mercury, ug/g wet wt.)


Study Pike/Pickerel Walleye Bass Bottom Feeders Panfish Trout Reference


12 Adirondack Lakes 6 year old:   0.41


2 year old:   0.23
4 year old:   0.36 Simonin et al. (1994)


8 year old:   0.46
10+ year old:  1.65


16 New York Lakes Yellow Perch:  Mills et al., (1994)
0.01 - 0.64


Punkin Seed:  
0.01 - 0.19


42 New Jersey Lakes and Rivers, averages of 9
pH categories 0.15-1.45 0.15-1.16 0.07-0.72 0.10-0.32 0.05-0.64 NJDEPE (1994)


Historical trends in mean fish concentrations in 1930s (museum): 0.08-0.29 1930s: 0.08-0.20 Swain and Helwig (1989)
NE Minnesota Lakes 1980s: 0.12-0.37 1980s: 0.07-0.73


Mean concentrations in 65 northern MN lakes 0.14-1.52 0.13-1.75 Sorensen et al. (1990)


Ashtabula River, OH; Means LMouth: 0.15 Carp: 0.05 Bluegill:0.07-0.17 U.S. EPA (1992a)
Smouth: 0.12


Saginaw River, MI; Means Fillets: .12 Carp: 0.07 U.S. EPA (1992b)


Northern Michigan Lakes 0.10-1.64 0.11-1.00 Gloss et al. (1990)


Large fish above dams in 3 Michigan rivers 0.11 - 0.28 < 0.05 to 0.72 < 0.05 to 0.23 < 0.05 to 0.73 0.20 - 0.45 Giesy et al., (1994)


Mean Concentrations (and ranges) in Fish from 0.28 (0.25-0.31) 0.29 (0.20-0.37) S. Mouth: 0.25 (0.12-0.43) Channel Cat: 0.39 (0.20- Sorensen et al. (1991)
the St. Louis River, MN Rock: 0.35 (0.14-0.61) 0.74)


Red H. Sucker: 0.41
(0.32-0.55)


W. Sucker: 0.27 (0.12-
0.37) 


Historical trends in Onondaga lake Smallmouth 1970: 1.96        1975: 1.09        1979: 0.68       1984: 1.04        1987: 1.75 Sloan et al. (1990)
Bass, Syracuse, NY 1972: 1.26        1977: 0.87        1981: 1.23       1985: 1.20        1988: 1.43


1974: 0.81        1978: 0.68        1983: 1.08       1986: 1.05        1989: 1.71


38 Wisconsin Lakes 0.16-1.74 Lathrop et al. (1989)


34 Northern Wisconsin Lakes 0.19 - 0.999 Gerstenberger et al., (1993)


53 Florida lakes 0.04-1.90 Lange et al. (1993)







Table 3-17 (continued)
Measured Mercury Concentrations Freshwater Sportfish (Total Mercury, �g/g wet wt.)


Study Pike/Pickerel Walleye Bass Bottom Feeders Panfish Trout Reference
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Florida Surface Waters Lakes: 0.07 - 0.85 Florida DER (1990)
Streams: 0.22 - 2.37


Mean Concentrations (and ranges) in Maine 0.92 (0.58-1.22) LMouth: 0.57 (0.26-0.95) Yellow Perch: Brook: 0.30 (0.05-0.79) Stafford (1991)
Predatory Fishes SMouth: 0.67 (0.31-1.12)  0.28 (0.18-0.81) Brown: 0.29 (0.12-0.45)


St. Lawrence River Drainage at Massena, NY. 0.21-0.97 0.24-0.93 SMouth: 0.37-0.71 W. Sucker: 0.12-0.55 Punkinseed: 0.10-0.35 Rainbow: 0.12-0.13 New York DEC (1990)
Rock: 0.34-0.76 B. Bullhead: 0.08-0.32 Y. Perch: 0.18-0.59


9 Canadian Shield Lakes 0.24-3.44 MacCrimmon et al. (1983)


Ontario Lakes 0.07-1.28 0.09-3.24 Wren et al. (1991)
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Table 3-18
Measured Mercury Concentrations in Saltwater Commercial Fish and Shellfish (ug/g wet wt.)


Fish


Mean Hg-tot


U.S. EPA Cramer (1992)  USDOC (1978) References
(1992c)


Cod 0.03 0.13


Canned Tuna 0.17 0.24


Fish Sticks 0.21


Shrimp 0.18 0.46


Crabs/Lobsters 0.03-0.08 0.25


Salmon 0.05-0.32 .005


Flounder 0.03 0.06


Clams 0.02 0.05


Boston Mackerel (2 samples) 0.03-0.05 NJDEPE (1994)


Porgy (3 samples) 0.08-0.14 NJDEPE (1994)


Spot (5 samples) 0.02-0.06 NJDEPE (1994)


Scallops 0.05 NOAA (1978)


Ocean fish are an important source of mercury exposure.  Although these fish appear to have
lower mercury concentrations, humans typically consume higher quantities of these types of fish. 
Wildlife, depending on location, also may typically consume ocean fish species.  Data on mercury
concentrations in marine finfish obtained from the National Marine Fisheries Service are summarized in
Table 3-19.  Tables 3-20 and 3-21 sumarize data from the National Marine Fisheries Service on mercury
concentrations in marine shellfish and molluscan cephalopods.
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Table 3-19
Mercury Concentrations in Marine Finfish


Fish Mercury Concentration Source of Data
(��g/g, wet weight)


Anchovy 0.047 NMFS1


Barracuda, Pacific 0.177 NMFS2


Cod 0.121 NMFS3


Croaker, Atlantic 0.125 NMFS


Eel, American 0.213 NMFS


Flounder 0.092 NMFS4


Haddock 0.089 NMFS


Hake 0.145 NMFS5


Halibut 0.25 NMFS6


Herring 0.013 NMFS7


Kingfish 0.10 NMFS8


Mackerel 0.081 NMFS9


Mullet 0.009 NMFS10


Ocean Perch 0.116 NMFS11


Pollack 0.15 NMFS


Pompano 0.104 NMFS


Porgy 0.522 NMFS


Ray 0.176 NMFS


Salmon 0.035 NMFS12


Sardines 0.1 NMFS13


Sea Bass 0.135 NMFS


Shark 1.327 NMFS14


Skate 0.176 NMFS15


Smelt, Rainbow 0.1 NMFS


Snapper 0.25 NMFS16


Sturgeon 0.235 NMFS17


Swordfish 0.95 FDA Compliance Testing


Tuna 0.206 NMFS18


Whiting (silver hake) 0.041 NMFS


 This is the average of NMFS mean mercury concentrations for both striped anchovy (0.082 �g/g) and northern anchovy (0.010 �g/g).1


 USDA data base specified the consumption of the Pacific Barracuda and not the Atlantic Barracuda. 2


 The mercury content for cod is the average of the mean concentrations in Atlantic Cod (0.114 �g/g and the Pacific Cod (0.127 �g/g).3


 The mercury content for flounder is the average of the mean concentrations measured in 9 types of flounder:Gulf (0.147 �g/g), summer (0.1274


�g/g), southern (0.078 �g/g), four-spot (0.090 �g/g), windowpane (0.151 �g/g), arrowtooth (0.020 �g/g), witch (0.083 �g/g), yellowtail (0.067
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 �g/g), and winter (0.066 �g/g).
 The mercury content for Hake is the average of the mean concentrations measured in 6 types of Hake:  silver (0.041 �g/g), Pacific (0.0915


�g/g), spotted (0.042 �g/g), red (0.076 �g/g), white (0.112 �g/g), and blue (0.405 �g/g).
 The mercury content for Halibut is the average of the mean concentrations measured in 3 types of Halibut: Greenland, Atlantic, and Pacific. 6


 The mercury content for Herring is the average of the mean concentrations measured in 4 types of Herring: blueback (0.0 �g/g), Atlantic (0.0127


�g/g), Pacific (0.030 �g/g), and round (0.008 �g/g).
 The mercury content for Kingfish is the average of the mean concentrations measured in 3 types of Kingfish: Southern, Gulf, and Northern. 8


 The mercury content for Mackerel is the average of the mean concentrations measured in 3 types of Mackerel: jack (0.138 �g/g), chub (0.0819


�g/g), and Atlantic (0.025 �g/g). 
 The mercury content for Mullet is the average of the mean concentrations measured in 2 types of Mullet: striped (0.011 �g/g) and silver (0.00710


�g/g).
 The mercury content for Ocean Perch is the average of the mean concentrations measured in 2 types of Ocean Perch: Pacific (0.083 �g/g) and11


Redfish (0.149 �g/g)
 The mercury content for Salmon is the average of the mean concentrations measured in 5 types of Salmon: pink (0.019 �g/g), chum (0.03012


�g/g), coho (0.038 �g/g), sockeye (0.027 �g/g), and chinook (0.063 �g/g).
 Sardines were estimated from mercury concentrations in small Atlantic Herring.13


 The mercury content for Shark is the average of the mean concentrations measured in 9 types of Shark: spiny dogfish (0.607 �g/g),14


(unclassified) dogfish (0.477 �g/g), smooth dogfish (0.991 �g/g), scalloped hammerhead (2.088 �g/g), smooth hammerhead (2.663 �g/g),
shortfin mako (2.539 �g/g), blacktip shark (0.703 �g/g), sandbar shark (1.397 �g/g), and thresher shark (0.481 �g/g).


 The mercury content for skate is the average of the mean concentrations measured in 3 types of skate: thorny skate (0.200 �g/g), little skate15


0.135 �g/g) and the winter skate (0.193 �g/g).
 The mercury content for snapper is the average of the mean concentrations measured in  types of snapper:16


 The mercury content for sturgeon is the average of the mean concentrations measured in 2 types of sturgeon:green sturgeon (0.218 �g/g) and17


white sturgeon (0.251 �g/g).
 The mercury content for tuna is the average of the mean concentrations measured in 3 types of tuna: albacore tuna (0.264 �g/g), skipjack tuna18


(0.136 �g/g) and yellowfin tuna (0.218 �g/g)


`


Table 3-20
Mercury Concentrations in Marine Shellfish


Shellfish Mercury Concentration Source of Data
   (�g/g, wet weight)


Abalone 0.016 NMFS1


Clam 0.023 NMFS2


Crab 0.117 NMFS3


Lobster 0.232 NMFS4


Oysters 0.023 NMFS5


Scallop 0.042 NMFS6


Shrimp 0.047 NMFS7


 The mercury content for abalone is the average of the mean concentrations measured in 2 types of abalone: green abalone (0.011 �g/g) and1


red abalone (0.021 �g/g).
 The mercury content for clam is the average of the mean concentrations measured in 4 types of clam: hard (or quahog) clam (0.034 �g/g),2


Pacific littleneck clam (0 �g/g), soft clam (0.027 �g/g), and geoduck clam (0.032 �g/g).
 The mercury content for crab is the average of the mean concentrations measured in 5 types of crab: blue crab (0.140 �g/g), dungeness crab3


(0.183 �g/g), king crab (0.070 �g/g), tanner crab (C.opilio) (0.088 �g/g), and tanner crab (C.bairdi) (0.102 �g/g).
 The mercury content for lobster is the average of the mean concentrations measured in 3 types of lobster: spiny (Atlantic) lobster (0.1084


�g/g), spiny (Pacific) lobster (0.210 �g/g) and northern (American) lobster (0.378 �g/g).
 The mercury content for oyster is the average of the mean concentrations measured in 2 types of oyster: eastern oyster (0.022 �g/g) and5


Pacific (giant) oyster (0.023 �g/g).
 The mercury content for scallop is the average of the mean concentrations measured in 4 types of scallop : sea (smooth) scallop (0.101 �g/g),6


Atlantic Bay scallop (0.038 �g/g), calico scallop (0.026 �g/g), and pink scallop (0.004 �g/g).
 The mercury content for shrimp is the average of the mean concentrations measured in 7 types of shrimp : royal red shrimp (0.074 �g/g),7


white shrimp (0.054 �g/g), brown shrimp (0.048 �g/g), ocean shrimp (0.053 �g/g), pink shrimp (0.031 �g/g), pink northern shrimp (0.024
�g/g) and Alaska (sidestripe) shrimp (0.042 �g/g).
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Table 3-21
Mercury Concentrations in Marine Molluscan Cephalopods


Mercury Concentrations in Marine Molluscan Cephalopods


Cephalopod Mercury Concentration Source of Data
(�g/g wet wt.)


Octopus 0.029 NMFS


Squid 0.026 NMFS1


 The mercury content for squid is the average of the mean concentrations measured in 3 types of squid: Atlantic1


longfinned squid (0.025 �g/g), short-finned squid (0.034 �g/g), and Pacific squid (0.018 �g/g)


The New York State Department of Environmental Conservation has investigated chemical
residues found in a wide variety of edible aquatic organisms from the New York-New Jersey Harbor
Estuary.  In 1993, 23 fish species, six bivalve species, two crustacean species and one cephalopod
species were collected from sixe areas of the Harbor estuary (Skinner et al. 1996).  Average total
mercury concentrations in these samples did not equal or exceed 1 µg/g-wet weight for any species;
however, two individual striped bass samples did exceed 1 µg/g-wet weight (1.046 and 1.252 µg/g-wet
weight).  An average mercury concentration exceeding 0.5 µg/g-wet weight was found only in striped
bass larger than 762 mm, and an average mercury concentration exceeding 0.25 µg/g-wet weight was
found in striped bass and tautog.  In striped bass, there was a significant (p<0.05) correlation between
size (i.e., age) and mercury concentration (Skinner et al. 1996).  Non-detectable mercury concentrations
were most prevalent in the six bivalve species, butterfish, winter flounder, the hakes and American eel. 
Mercury concentrations in fish, bivalves, crustaceans and cephalopods exhibited no consistent spatial
variations within the harbor estuary (Skinner et al. 1996).  The data are presented in Table 3-22.
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Table 3-22
Mercury Concentrations in Biota from the New York-New Jersey Harbor estuary (1993)


Species


Mercury Concentration (µg/g-wet weight): Mean ± Standard Deviation


Upper Bay East River The Kills Jamaica Bay Lower Bay New York All Areas
Area1 Area 2 Area 3 Area 4 Area 5 Bight Apex


Area 6 Areas 1-6


Fish


American eel 0.202±0.115 0.025 0.338±0.208 0.059±0.047 0.260±0.231 NA 0.167±0.178


Atlantic herring 0.127±0.049 NA NA NA 0.170 76±52 0.119±0.059


Atlantic tomcod 0.059±0.059 0.119±0.046 0.283±0.138 NA NA NA 0.154±0.128


Bluefish 0.126±0.024 NA 0.527 0.130±0.025 NA 0.055 0.151±0.112
<305 mm


305-559 mm NA 0.095 NA 0.151±0.097 0.184±0.049 0.242±0.081 0.183±0.083


�559 mm 0.414±0.182 0.338±0.066 NA 0.276±0.033 0.162 0.233±0.076 0.312±0.122


Butterfish 0.073±0.049 0.025 0.043±0.031 NA 0.035±0.017 0.025 0.041±0.030


Cuner 0.256±0.036 0.185±0.083 0.209±0.061 0.275±0.133 0.164±0.011 0.389±0.166 0.246±0.112


Kingfish 0.056 NA NA 0.038±0.023 NA 0.025 0.039±0.020


Northern sea 0.025 NA NA 0.141 NA 0.196 0.139±0.111
robin


Porgy NA 0.071 0.060 0.094±0.040 0.044±0.027 0.037±0.016 0.060±0.035


Rainbow smelt 0.106±0.034 NA NA NA NA NA 0.106±0.34


Red hake NA NA NA NA NA 0.078±0.065 0.078±0.065


Sea bass 0.151 NA NA NA NA 0.097±0.041 0.106±0.043


Silver hake NA NA NA NA NA 0.025 0.025


Spot 0.042±0.029 NA 0.025 NA 0.045±0.035 0.025 0.039±0.026


Spotted hake 0.106±0.026 NA 0.077±0.046 NA 0.044 0.025 0.065±0.042


Striped bass 0.163±0.076 0.295±0.211 0.377±0.130 0.129±0.068 NA NA 0.258±0.160
<457 mm


457-610 mm 0.289±0.122 0.391±0.199 0.325±0.110 0.198±0.050 0.340±0.169 0.150±0.054 0.284±0.150


610-762 mm 0.435±0.359 0.648±0.368 NA 0.299±0.130 0.242±0.163 0.241±0.021 0.389±0.288


�762 mm 0.534±0.104 0.524±0.296 NA 0.578 0.437 0.572 0.528±0.261


Striped sea robin NA NA NA 0.209 0.105±0.072 0.357 0.176±0.122


Summer 0.094±0.039 NA NA 0.125±0.038 0.122±0.076 0.065±0.016 0.102±0.050
flounder


Tautog 0.337±0.319 0.353±0.120 NA 0.203±0.087 0.133±0.044 0.320±0.307 0.267±0.197


Weakfish 0.250±0.209 NA 0.177±0.078 0.096 0.154±0.08 0.025 0.167±0.120







Species


Mercury Concentration (µg/g-wet weight): Mean ± Standard Deviation


Upper Bay East River The Kills Jamaica Bay Lower Bay New York All Areas
Area1 Area 2 Area 3 Area 4 Area 5 Bight Apex


Area 6 Areas 1-6
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White perch 0.207±0.054 0.281±0.11 0.397±0.179 0.025 NA NA 0.230±0.172


Windowpane 0.127±0.062 NA 0.105±0.04 NA 0.124±0.047 0.093±0.017 0.112±0.041
flounder


Winter flounder 0.070±0.068 0.033±0.016 0.035±0.018 0.092±0.022 0.056±0.034 0.036±0.019 0.061±0.04


Bivalves


Blue mussel NA 0.025 NA 0.064±0.041 0.025 0.025 0.036±0.026


Eastern oyster 0.059 0.025 0.091±0.021 NA 0.025 NA 0.049±0.031


Hard clam NA NA NA 0.025 0.025 NA 0.025


Horse mussel 0.082±0.021 0.051±0.046 0.042±0.029 NA 0.025 NA 0.055±0.034


Softshell clam 0.025 0.071±0.03 0.101±0.011 0.025 0.025 NA 0.052±0.035


Surf clam NA NA NA NA Na 0.025 0.025


Crustaceans


American NA NA NA NA 0.246 0.162±0.06 0.170±0.062
lobster
-muscle


-hepatopancreas NA NA NA NA 0.068 0.061±0.029 0.062±0.028


Blue crab 0.112±0.068 0.134±0.087 0.199±0.068 0.132±0.148 0.253±0.169 NA 0.166±0.119
-muscle


-hepatopancreas 0.074±0.035 0.140±0.149 0.084±0.068 0.066±0.044 0.100±0.031 NA 0.093±0.077


Cephalopod


Longfin squid NA NA NA NA 0.096±0.075 0.035±0.017 0.065±0.059


The detection limit was 0.050 µg/g; a reported value of 0.025 µg/g represents one-half the detection limit.
NA = No samples available or none analyzed


By comparing the mercury concentration in fish with concentrations in other biota (Tables 3-23
through 3-24), it is noted that fish appear to have the highest concentrations of methylmercury in the
environment.


The little recent data available on mercury in meat products show concentrations to be very low
(near the detection limits) for both Hg(II) and methylmercury.  It is not thought that meat consumption is
a major concern with regards to mercury exposure, especially in comparison to concentration in fish
tissues.  Surprisingly few data, however, are available on meat mercury levels.


Plant mercury levels are generally very low and of little concern, as with meats (see Tables 3-25
and 3-26).  Levels tend to be highest in leafy vegetables, and plants grown in mercury contaminated
conditions (in air and/or soil) do accumulate more mercury than plants in background areas.  There are
no other noticeable trends in plant concentrations, with mercury levels varying widely among plants and
studies.  For further information, see plant BCFs in Appendix B.
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Table 3-23
Measured Mercury Concentration in Meats


Study Description Total Mercury Approx. Total % Methyl- Reference
(ng/g wet weight) Mercury (ng/g mercury


dry weight)1


6 Saginaw River, MI "roaster" ducks 48 124.7 NA U.S. EPA (1992b)


Japan background levels


Chicken 12 31.2 NA Shitara and Yasumasa
(1976)


Beef 5 13.0 NA Shitara and Yasumasa
(1976)


Pork 21 54.5 NA Shitara and Yasumasa
(1976)


Wild Deer (Northern Wisconsin) 5-14 13 -36 11-57 % Bloom and Kuhn (1994)


Beef


Raw < 1 < 2.6 > 10% Bloom and Kuhn (1994)


Lunch Meat 21 54.5 4% Bloom and Kuhn (1994)


Frank <1 < 2.6 > 60% Bloom and Kuhn (1994)


Beef Muscle - Control group 2-3 5.2 - 7.8 NA  Vreman et al. (1986)*


Beef Muscle - Exposed group 1-4 2.6 - 10.4 NA Vreman et al. (1986)*


Beef Liver - Control group 3000 - 7000 7800 - 18000 NA Vreman et al. (1986)*


Beef Liver - Exposed group 9000 - 26000 23400- 67000 NA Vreman et al. (1986)*


Pork (raw and sausage) < 1 < 2.6 0-70% Bloom and Kuhn (1994)


Chicken (raw and lunch meat) < 1 to 29 < 2.6 to 75.4 20-67% Bloom and Kuhn (1994)


Turkey (lunch meat) < 1 < 2.6 >20% Bloom and Kuhn (1994)


* See Appendix A for a more complete discussion of this study.
 Based on an assumed water content of 0.615, which is average for beef (Baes et al., 1984)1
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Table 3-24
Measured Mercury Concentrations in Garden Produce/Crops


Study Description Total Methyl- % Reference
Mercury mercury Methyl-
(ng/g dry mercury
weight)


NY Garden conditions: Leafy vegetables 64-139 9.5-30 15-23 Cappon (1987)


NY Garden conditions: Tuberous plants 11-36 0.3-6.6 11-36 Cappon (1987)


NY Garden conditions: Cole 50-64 8.8-12 18 Cappon (1987)


NY Garden conditions: Fruiting vegetables 2.9-27 0-2.4 0-9.1 Cappon (1987)


NY Garden conditions: Beans 4.3 0 0 Cappon (1987)


Herbs; Garden samples from Belgium 130 Temmerman et al. (1986)
background


a


N.B.  No Hg  was detected in plants (Cappon, 1987).0


Conversion to dry wt. assuming 90% water by wt.a


Table 3-25
Mean Background Total Mercury Levels for Plants in the Netherlands


(Wiersma et al., 1986)


Plant Concentration Content (from Baes et Concentration
Total Mercury Approximate Water Total Mercury


(ng/g wet weight) al., 1984)  (ng/g dry weight)


Lettuce, greenhouse 2 0.948 38.5


Tomato, greenhouse 1.3 0.941 22.0


Cucumber, greenhouse 0.3 0.961 7.7


Spinach 5 0.927 68.5


Carrot 2 0.882 16.9


Potato 3 0.778 13.5


Wheat 5 0.125 5.7


Barley 6 0.111 6.7


Oats 8 0.083 8.7


Apples 1 0.841 6.3
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Table 3-26
Range of Mercury Concentrations in Selected Grain Products


Grain product Range (ng/g wet weight) Range (ng/g dry weight) Reference1


Wheat < 0.1 -  30 < 0.1 - 34


Wiersma et al., (1986)Barley 1 - 30 1.1 - 34


Oats <0.1 - 20 < 0.1 - 22


Maize 1.5 - 6.5 1.7 - 7.3 Szymczak and Grajeta
(1992)


 Calculated assuming water content of 0.112 (Baes et al., 1984).1


3.3 Measurement Data from Remote Locations


The Long Range Transport Analysis (Chapter 5) focusses on the long range atmospheric
transport of mercury and estimates its impact at remote sites.  This type of analysis was selected based on
the atmospheric chemistry of emitted elemental mercury (Petersen et al., 1995) and the numerous studies
linking increased mercury levels in air, soil, sediments, and biota at remote sites to distant anthropogenic
mercury release followed by long-range transport.  Details of several of the many studies which
demonstrate the long range transport of mercury follow.  These provide evidence to support this
assessment of long-range mercury transport.


3.3.1 Elevated Atmospheric Mercury Concentrations over Remote Locations


Olmez et al. (1994) correlated elevated atmospheric levels of particulate mercury at rural U.S.
sites to long range transport from distant sources.  Briefly, Olmez et al. (1994) collected ambient
particulates of two sizes (< 2.5µm and between 2.5µm and 10µm) for two years at five rural sites in New
York State and measured levels of numerous pollutants.  Using a pollutant fingerprinting technique, the
collected data were evaluated to identify the pollutant sources.  Mercury was considered to be a tracer
pollutant for mixed industry and coal combustion.  There were no local anthropogenic mercury sources
at these sites.  At the five sites the average sub- 2.5µm particulate mercury concentrations ranged from
0.051 to 0.089 ng/m , and the 90th percentile particulate mercury levels ranged from 0.21 to 0.10 ng/m . 3 3


The highest values reported were 0.63 ng/m .  Elevated mercury levels were attributed to long-range3


transport from industrial sources in Canada as well as parts of New York State and occasionally the
midwest U.S.  The authors noted that only 1-10% of the total mercury in remote areas is generally
thought to be found on particles.  Preliminary vapor-phase analysis (on samples collected for months)
indicated that the mercury attached to these small particulates accounted for only 1.8% of the total
mercury at these rural sites.


Glass et al. (1991) reported that mercury released from distant sources (up to 2500 km distant)
contribute to mercury levels in rain water deposited on remote sites in northern Minnesota.


3.3.2 Elevated Soil Mercury Concentrations in Locations Remote from Emission Sources


Increased concentrations of mercury have been reported in both remote U.S. (Nater and Grigal,
1992) and Swedish soils (as reviewed in Johansson et al., 1991 and by the Swedish Environmental
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Protection Agency, 1991).  These elevated concentrations have been correlated with regional transport
and deposition of mercury to soil.  Nater and Grigal (1992) found an increasing mercury gradient from
west to east in soils across the upper midwest U.S.  This increase was also found to correlate with
increasing regional industrialization.  Briefly,  soils were sampled in 155 different forest stands
representing five types of forested stands.  Mercury levels were measured in three layers:  the surface
detritus, surface soil (0-25 cm) and deep mineral soil (75-100 cm).  Increases were observed along the
west-east gradient in the upper two layers.  The highest values reported for the detritus layer and the
surface soil layer were >150 ng Hg/g detritus and >200 ng Hg/g soil, respectively.  Differences in the
ability of various soil types to bind mercury was discounted as a possible reason for the range of mercury
values.  The authors felt that their results implicated regional source contributions.  Data summarized in
Johansson et al. (1991) and the Swedish Environmental Protection Agency (1991) indicates that mercury
levels in remote soils of southern Sweden are elevated when compared to those in the north.  The
increase observed in the soils of southern Sweden is related to emissions from regional Swedish industry
and East European industry (Hakanson et al., 1990).


3.3.3 Elevated Mercury Concentrations in Aquatic Sediments and Fish from Remote Water Bodies


Elevated mercury levels in remote water body bed sediments have been widely reported and well
characterized in many different parts of the world.  These elevated levels are related to increased levels
of atmospheric mercury which have been linked to anthropogenic activities.  For example Swain et al.
(1992) showed that, based on the vertical distribution of mercury in sediment, mercury deposition from
the atmosphere over Wisconsin and Minnesota had increased from approximately 3.7 to 12.5 µg/m  since2


1850 causing increases in sediment levels.  For similar data from remote Wisconsin lakes, remote lakes
in Ontario (Canada) and from remote Scandinavian bogs see Rada et al. (1989), Evans (1986), and
Jensen and Jensen (1991), respectively.  Some of the sediment analysis data for Sweden is presented in
the report on mercury by the Swedish Environmental Protection Agency (1991).


The regional and widespread nature of mercury pollution was first identified when elevated
levels of mercury in fish were discovered.  These elevated levels in fish were evidence of the efficient
transfer of mercury from prey to predator through the aquatic food chain (Watras and Bloom, 1992).  In
fact, the bioaccumulative nature of the mercury in fish has generated much of the interest in the
measurement of mercury in other environmental media.  It should be noted that the data of Hakanson et
al. (1990) indicate that mercury levels in Swedish piscivorous fish continue to increase.


Elevated mercury concentrations in fish, particularly higher trophic level fish (e.g., northern
pike) have been measured at sites distant from anthropogenic sources in Sweden (Hakanson et al., 1988;
Swedish Environmental Protection Agency, 1991) and across the U.S. (e.g., Grieb et al., 1990; Sorensen
et al., 1990 and Weiner et al., 1990).  The report by Cunningham et al. (1994) illustrates the widespread
nature of mercury fish advisories across the U.S.


3.4 Measurement Data Near Anthropogenic Sources of Concern


Measured mercury levels in environmental media around a single anthropogenic source are
briefly summarized in this section.  These data are not derived from a comprehensive study for mercury
around the sources of interest.  Despite the obvious needs for such an effort, such a study does not appear
to exist.  The quality of the following studies has not been assessed in this Report.  The data do not
appear to be directly comparable among themselves because of differences in analytic techniques and
collection methods used.  Finally, some of these studies are dated and may not reflect current mercury
emissions from the sources described below.
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These data collectively indicate that mercury concentrations near these anthropogenic sources
are generally elevated when compared with data collected at greater distances from the sources. 
However, because these data do not conclusively demonstrate or refute a connection between
anthropogenic mercury emissions and elevated environmental levels, a modeling exercise was
undertaken to examine further this possible connection.  This exercise is described in Chapters 4,5, and 6
of this document.  The conclusions are discussed in Chapter 7.  Materials in Appendices A-G support the
modeling effort.


3.4.1 Municipal Waste Combustors


Bache et al. (1991) measured mercury concentrations in grasses located upwind and downwind
from a modular mass-burn municipal waste combustor located in a rural area.  The facility reportedly
had no pollution control equipment and had been operating for about seven years when the grasses were
sampled.  Mercury levels were measured in air-dried grass samples by the flameless atomic absorption
method developed by Hatch and Ott (1968).  The sensitivity and detection limit of the method were not
reported.  Mercury levels in grass located downwind  (along the prevailing wind direction) from the
stack decreased with distance beginning at 100 m and continuing through 900 m.  The highest value
recorded downwind of the facility was 0.2 �g mercury/g grass (dry weight) at 100 m.  The highest
reported value upwind (225 meters in the opposite direction from the prevailing wind direction) of the
facility was 0.11 µg/g (dry weight).  All other upwind values including measurements closer to the
facility were 0.05 µg/g or less.


In response to a Congressional mandate, U.S. EPA assessed the "environmental impact of
municipal waste incineration facilities" (U.S. EPA, 1991).  Background levels of mercury were measured
in air, soil, water and biota in the area around an MWC in Vermont.  The facility, which had a 50 m
stack, was not yet operational when the initial set of measurements were made.   Pollution control
equipment included an electrostatic precipitator (ESP) and a wet scrubber.  After the facility had begun
operating, pollutant levels were again measured.  After the start-up of operations mercury emissions were
measured at approximately 2 x 10 g/s. Mercury levels above the analytical detection limits or above-4 


background levels were not observed in this analysis.  Problems were noted with some of the analytical
equipment used for ambient air monitoring.  The MWC was also not operational during some of the time
after start-up, and there was a short time (10 months) between operation start-up and environmental
measurement data collection.


Greenberg et al. (1992) measured mercury levels in rainwater  near a rural New Jersey municipal
resource recovery facility (MWC).  The measurement protocols developed by Glass et al. (1990) were
employed in the analysis.  The 2-stack MWC had a 400-ton/day capacity, and pollution control included
a dry fabric filter.  The maximum allowable mercury emissions were 0.05 pounds/hour/stack (22.7
grams/hour/stack).  During one collection period, state-mandated stack testing indicated that the facility
was emitting mercury at levels slightly lower than the maximum allowable emission rates.  Rain water
was collected and analyzed on three separate 2-day time periods; the facility was not operating during
one collection period.  Collection sites were generally located in the prevailing wind directions.  Mercury
concentrations in rain water appeared to be elevated near the facility in the prevailing wind directions
when compared with measurements taken when the facility was not operating and with measurements at
more remote sites (>2 km).  Mercury concentrations in rain water measured up to 2 km from the facility
while it was not operating exhibited a range of 26 - 62 ng mercury/L rainwater (26-62 ppt).  Mercury
measurements at sites 3 - 5 km downwind did not exceed 63 ng mercury/L rain water.  During facility
operation the highest measured mercury concentration was 606 ng/L.  The measurement was taken 2 km
in the prevailing wind direction.  Several other measurements of greater than 100 ng mercury/L rain
water were also collected within 2 km of the facility.
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Carpi et al. (1994) measured mercury levels in moss and grass samples around a MWC in rural
New Jersey (same facility as Greenberg et al., 1992 studied).  Pollution control equipment on the MWC
reportedly included a spray dryer and a fabric filter.  Samples were collected at sites up to 5 km from the
source and mercury levels measured by a cold vapor atomic absorption spectroscopy method described
in U.S. EPA (1991).  Statistically significant elevations in mercury concentrations were measured in
moss samples located within 1.7 km of the facility with the highest mercury measured levels exceeding
240 parts per billion (ppb).  Oven-dried moss samples had lower levels of mercury than those samples
that were not oven-dried.  This was attributed to the loss of volatile mercury species during drying.  The
decrease in total mercury was most notable in moss samples at more distant sites (beyond 2 km from the
facility).  The authors felt that this might indicate the uptake and retention of different species during
drying.  The results of the analysis of grass samples were not presented.  They were termed
"inconclusive" in that they did not appear to exhibit point source influence.


3.4.2 Chlor-Alkali Plants


Temple and Linzon (1977) sampled the mercury content of foliage, soil, fresh fruits, vegetables
and snow around a large chlor-alkali plant in an urban-residential area.  This facility produced 160 tons
of chlorine/day, resulting in approximately 0.8 kg/day of mercury emissions.  Resulting mercury
concentrations were compared to background levels from an urban area 16 km to the west.  Mercury
levels averaged 15 �g/g (300 times the background level of 0.05 �g/g) in maple foliage up to 260 m
downwind, and concentrations 10 times background were found 1.8 km downwind.  Mercury levels in
soil averaged 3 �g/g (75 times the background level of 0.04 �g/g) within 300 m of the plant, and soil
concentrations averaged 6 times background 1.8 km downwind.  The mercury levels in snow ranged
from 0.9-16 �g/L within 500 m of the plant dropping to 0.10 �g/l 3 km downwind.  The background
level was found to average 0.03 �g/L.  Leafy crops were found to accumulate the highest mercury among
garden produce.  One lettuce sample contained 99 ng/g (wet w.) of mercury (background:  <0.6 ng/g),
and a sample of beet greens contained 37 ng/g (wet w.) (background:  3 ng/g).  Tomatoes and cucumbers
within 400 m averaged 2 and 4.5 ng/g (wet w.) of mercury.  Background levels in each case measured 1
ng/g.


In one of the earliest reports which measured mercury levels around an industrial emission
source, Jernelov and Wallin (1973) found elevated levels of mercury in the snow around five chlor-alkali
facilities in Sweden.  As distance from the facility increased, the amount of mercury detected decreased. 
They linked the elevated levels to source emissions.


Tamura et al. (1985) measured mercury concentrations in plant leaves and humus from areas
with and without mercury emission sources in Japan.  Data on total mercury concentrations were
determined by cold flameless atomic absorption.  Mercury concentrations were determined at four sites
within 2 km of a currently operating chlor-alkali electrolysis plant.  This facility was estimated to release
10-20 kg of mercury per year.  Mercury concentrations at the four sites near this area ranged from 0.04-
0.71 �g/g in woody plant leaves, 0.05-0.59 �g/g in herbaceous plants, and 0.11-2.74 �g/g in humus.  In
contrast, mercury levels for identical species of plants in the uncontaminated area (three sites) ranged
from 0.02-0.07 �g/g in woody plant leaves, 0.02-0.08 �g/g in herbs, and 0.02-0.59 �g/g in humus. 
Values are typically on the order of 5-10 times less than mercury levels from the contaminated area,
showing significant mercury contamination of plant biota can result from local point sources.


3.4.3 Coal-Fired Utilities


Crockett and Kinnison (1979) sampled the arid soils around a 2,150 megawatt (MW) coal-fired
power plant in New Mexico in 1974.  The four stack (two stacks 76 m high and two 91 m high) facility
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had been operational since 1963 with an estimated mercury release rate of 850 kg/year.  The rainfall in
the area averaged 15-20 cm/year.  Although a mercury distribution pattern was noted, soil mercury levels
near the facility did not differ significantly from background.  Given the high amounts of mercury
released by the facility and the insignificant amounts detected, the authors speculated that much of the
mercury emitted was transported over a large area, rather than depositing locally.


Anderson and Smith (1977) measured mercury levels in environmental media and biota around a
200 MW coal-fired power plant in Illinois.  The facility used two 152 m high smokestacks and was
equipped with an electrostatic precipitator.  Commercial operations at the facility had been ongoing for 6
years when sampling was conducted (from 1973 through 1974).  Elevated levels of mercury detected in
atmospheric particulate samples collected 4.8 and 9.6 km downwind of the facility were not statistically
significant when compared with samples collected 4.8 km upwind of the site.  Elevated mercury levels
detected in samples from the upper 2 cm of downwind agricultural soils (sample mean 0.022 ug/g
mercury) were statistically significantly elevated when compared with upwind samples (0.015 ug/g
mercury).  Core sediment sampling from a nearby lakebed showed statistically significant elevations in
sediment mercury concentrations after plant operations began (sample mean 0.049 ug/g mercury) when
compared with sediment deposits prior to operation (0.037 ug/g mercury).  No increases were observed
in mercury levels in fish from the nearby lake when compared with fish from remote lakes.  Mercury
levels in local duck muscle samples and aquatic plant samples were also reported but not compared to
background or data from remote areas.


3.4.4 Mercury Mines


Lindberg et al. (1979) compared soil concentrations and plant uptake of mercury in samples
taken one Km west of a mine/smelter operation in Almaden, Spain, to levels found in control soils (20
Km east of the smelter).  The most significant mercury release from the Almaden complex was from the
ore roaster via a 30 m high stack; however, estimates of annual mercury releases were unavailable.  Mine
soils contained 97 �g/g of mercury compared to the control soil level of 2.3 �g/g, a 40 fold increase. 
Alfalfa was grown on these soils under controlled conditions.  Comparing plant mercury concentrations
(grown under conditions of no fertilizer or lime treatment), the above ground parts of alfalfa contained
1.4 and 2.3 �g/g of mercury in the control and mine soils, respectively.  The roots of alfalfa contained
0.53 and 9.8 �g/g of mercury in the control and mine soils, respectively.  The control levels in this
experiment were found to exceed the worldwide average for grass crops by about 10 times; perhaps not
surprising, since the control soil mercury content is also quite high.  Nevertheless, additional mercury
from the mine was found to elevate mercury content in surrounding soil and plant material significantly.


3.4.5 Mercury Near Multiple Local Sources


There are two recent reports of atmospheric mercury measurements in the vicinity of multiple
anthropogenic emissions sources.  Both are of studies are of short duration but show elevated mercury
concentrations in the local atmosphere or locally collected rain.


Dvonch et al., (1994) conducted a 4-site, 20 day mercury study during August and September of
1993 in Broward County, FL.  This county contains the city of Ft. Lauderdale as well as an oil-fired
utility boiler and a municipal waste combustion facility.  One of the sample collection sites (site 4) was
located 300 m southwest of the municipal waste combustion facility.  Daily measurements of
atmospheric particulate and vapor-phase mercury were collected at 3 of the 4 sites; (daily atmospheric
concentrations were not collected at the site near the municipal waste combustor (site 4)), and daily
precipitation samples were collected at all sites.  As shown in Table 3-27, the average vapor and
particulate phase atmospheric mercury concentrations were higher at the inland sites than at the site near
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the Atlantic Ocean, which was considered by the authors to represent background site.  Diurnal
variations were also noted; elevated concentrations were measured at night.  For example at site 2, an
inland site, the average nighttime vapor-phase concentration was 4.5 ng/m .  This was attributed to little3


vertical mixing and lower mixing heights that occur in this area at night.  Particulate mercury comprised
less than 5% of the total (vaporous + particulate) atmospheric mercury.  Mercury concentrations in
precipitation samples at the 4 sites were variable; the highest mean concentrations were measured at the
inland sites.  Given the high levels of precipitation in this area of the U.S. and short collection period, it
is not appropriate to extend these analysis beyond the time frame measured.  These mercury
concentrations are nonetheless elevated.


Table 3-27
Mercury Concentrations in the Atmosphere and Mercury Measured in Rainwater Collected in


Broward County, FL


Site Description Avg. Vapor-phase Avg. Particulate Avg. Total Mercury Avg. Reactive
Mercury Conc., Mercury Conc. pg/m conc. in rain, ng/L Mercury conc. in
ng/m (Range) rain, ng/L (Range)3


3


Background Near 1.8 34 35 (15-56) 1.0 (0.5-1.4)
Atlantic Ocean (Site 1)


Inland (Site 2) 3.3 51 40 (15-73) 1.9 (0.8-3.3)


Inland (Site 3) 2.8 49 46 (14-130) 2.0 (1.0-3.2)


Inland (Site 4), 300 m - - 57 (43-81) 2.5 (1.7-3.7)
from MWC


Keeler et., al. (1994) and Lamborg et al., (1994) reported results of a 10-day atmospheric
mercury measurement at 2 sites (labeled as sites A and B) in Detroit, MI (see Table 3-28).  There is a
large MWC 9 Km from site A and a sludge combustor 5 Km from site B.  It should be noted that other
mercury emission sources such as coal-fired utility boiler and steel manufacturing occur in the city as
well.  The vapor-phase mercury concentration encountered at site B during the first days of the
experiment exceeded the capacity of the measurement device.  Subsequent analyses indicated that the
concentrations of mercury encountered were significantly higher than other reported U.S. observations.


Table 3-28
Mercury Concentrations Measured at Two Sites in the Atmosphere Over Detroit, MI


Site Mean Vapor-Phase Mercury Mean Particulate-Phase Mercury
Concentrations in, ng/m  (Maximum Concentrations in pg/m , (Maximum3


Measured Value) Measure Value)


3


Detroit, MI Site A >40.8, (>74) 341 (1086)


Detroit, MI Site B 3.7, (8.5) 297 (1230)
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4. MODEL FRAMEWORK


This section describes the models and modeling scenarios used to predict the environmental fate
of mercury. Measured mercury concentrations in environmental media were used when available to
parameterize these models. Human and wildlife exposures to mercury were predicted based on modeling
results.


4.1 Models Used


The extant measured mercury data alone were judged insufficient for a national assessment of 
mercury exposure for humans and wildlife. Thus, the decision was made to model the mercury emissions
data from the stacks of combustion sources.  In this study, there were three major types of modeling
efforts:  (1) modeling of mercury atmospheric transport on a regional basis; (2) modeling of mercury
atmospheric transport on a local scale (within 50 km of source); and (3) modeling of mercury fate in
soils and water bodies into biota, as well as the resulting exposures to human and selected wildlife
species.  The models used for these aspects of this study are described in Table 4-1.


Table 4-1
Models Used to Predict Mercury Air Concentrations, Deposition Fluxes, 


and Environmental Concentrations


Model Description


RELMAP Predicts average annual atmospheric mercury concentration and wet
and dry deposition flux for each 40 km  grid in the U.S. due to all2


anthropocentric sources of mercury in the U.S.


ISC3 Predicts annual average atmospheric concentrations and deposition
fluxes within 50 km of mercury emission source


IEM-2M Predicts environmental mercury concentrations based on air
concentrations and deposition rates to watershed and water body.


4.2 Modeling of Long-Range Fate and Transport of Mercury


4.2.1 Objectives


The goal of this analysis was to model the emission, transport, and fate of airborne mercury over
the continental U.S. using the meteorologic data for the year of 1989 and the most current emissions
data.  The results of the simulation were intended to be used to answer a number of fundamental
questions.  Probably the most general question was "How much mercury is emitted to the air annually
over the United States, and how much of that is then deposited back to U.S. soils and water bodies over a
typical year?"  It is known that year-to-year variations in accumulated precipitation and wind flow
patterns affect the observed quantity of mercury deposited to the surface at any given location. 
Meteorological data for the year of 1989 was used since most of the continental U.S. experienced near
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normal average weather conditions during that year.  A secondary question was that of the contribution
by source category to the total amount of mercury emitted and the amount deposited within the U.S.  In
order to answer the questions about the source relative depositions, information on chemical and physical
forms of the mercury emissions from the various source categories was needed since these characteristics
determine the rate and location of the wet and dry deposition processes for mercury.


The intent of the analysis was to determine which geographical areas of the United States have
the highest and lowest amounts of deposition from sources using the overall results of the long-range
transport modeling effort nation-wide.  This analysis was expected to contribute understanding of the key
variables, such as source location, chemical/physical form of emission, or meteorology, that might
contribute to the outcomes.  These long-range modeling efforts were also intended to be used for
comparison with local impact modeling results, essentially to estimate the effects of hypothetical new
local sources in relation to the estimated effects from long-range transport.


4.2.2 Estimating Impacts from Regional Anthropogenic Sources of Mercury


The impact of mercury emissions from stationary, anthropogenic U.S. sources is not entirely
limited to the local area around the facility.  To account for impacts of mercury emitted from many of
these other non-local sources on the area around a specific source, the long-range transport of mercury
from all selected sources has been modeled using the RELMAP (Regional Lagrangian Model of Air
Pollution) model.  The RELMAP model was used to predict the average annual atmospheric mercury
concentration and the wet and dry deposition flux for each ½ degree longitude by � degree latitude grid
cell (approximately 40 km square) in the continental U.S.  The emission, transport, and fate of airborne
mercury over the continental U.S. was modeled using meteorological data for the year of 1989.  Over
10,000 mercury emitting cells within the U.S. were addressed; the emission data used were those
presented in Volume II, Inventory of Anthropogenic Mercury Emissions.


The RELMAP model was originally developed to estimate concentrations of sulfur and sulfur
compounds in the atmosphere and rainwater in the eastern U.S.  The primary modification of RELMAP
for this study was the handling of three species of mercury (elemental, divalent, and particulate) and
carbon soot (or total carbon aerosol).  Carbon soot was included as a modeled pollutant because carbon
soot concentrations are important in the modeling estimates of the wet deposition of elemental mercury
(Iverfeldt, 1991; Brosset and Lord, 1991; Lindqvist et al., 1991).


4.2.3 Description of the RELMAP Mercury Model


Previous versions of the RELMAP are described and evaluated in Eder et al. (1986) and Clark et
al. (1992) and a separate description of the initial development of the RELMAP mercury modeling is
provided in Bullock et al. (1997a).  Modifications to the RELMAP for atmospheric mercury simulation
were heavily based on recent Lagrangian model developments in Europe (Petersen et al., 1995).  The
mercury version of the RELMAP was developed to handle three species of mercury: elemental vapor
(Hg ), divalent vapor (the mercuric ion, Hg ) and particulate Hg (Hg ), and also aerosol carbon soot. 0 2+


P


Recent experimental work indicates that ozone (Munthe, 1992) and carbon soot (Iverfeldt, 1991; Brosset
and Lord, 1991; Linqvist et al., 1991) are both important in determining the wet deposition of Hg . 0


Carbon soot, or total carbon aerosol, was included as a modeled pollutant in the mercury version of
RELMAP to provide necessary information for the Hg  wet deposition parameterization.  Observed0


ozone (O ) air concentration data for the simulation period were obtained from EPA's Aerometric3


Information Retrieval System (AIRS) data base.  Thus, it was not necessary to include O  as an explicitly3


modeled pollutant.  Methyl mercury was not included in the mercury version of RELMAP because it is
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not yet known if it has a primary natural or anthropogenic source, or if it is produced in the atmosphere. 
Unless specified otherwise in the following sections, the modeling concepts and parameterizations
described in the EPA users' guide (Eder et al., 1986) were preserved for the RELMAP mercury modeling
study.


4.2.3.1 Physical Model Structure


RELMAP simulations were originally limited to the area bounded by 25 and 55 degrees north
latitude and 60 and 105 degrees west longitude, and had a minimum spatial resolution of 1 degree in both
latitude and longitude.  For this study, the western limit of the RELMAP modeling domain was moved
out to 130 degrees west longitude, and the modeling grid resolution was reduced to ½ degree longitude
by � degree latitude (approximately 40 km square) to provide high-resolution coverage over the entire
continental U.S.


The original 3-layer puff structure of the RELMAP has been replaced by a 4-layer structure.  The
following model layer definitions were used for the RELMAP mercury simulations to account for the
development of deeper nocturnal inversion layers during autumn and winter and higher convective
mixing heights in the spring and summer:


Layer 1 top   - 30 to 50 meters above the surface (season-dependent)
Layer 2 top   - 200 meters above the surface
Layer 3 top   - 700 meters above the surface
Layer 4 top   - 700 to 1500 meters above the surface (month-dependent)


4.2.3.2 Mercury Emissions


Area source emissions were introduced into the model in the lowest layer.  Point source
emissions were introduced into model layer 2 to account for the effective stack height of the point source
type in question.  Effective stack height is the actual stack height plus the estimated plume rise.  The
layer of emission is inconsequential during the daytime when complete vertical mixing is imposed
throughout the 4 layers.  At night, since there is no vertical mixing, area source emissions to layer 1 are
subject to dry deposition while point source emissions to layer 2 are not.  Large industrial emission
sources and sources with very hot stack emissions tend to have a larger plume rise, and their effective
stack heights might actually be larger than the top of layer 2.  Since, however the layers of the pollutant
puffs remain vertically aligned during advection, the only significant process effected by the layer of
emission is nighttime dry deposition.  


Mercury emissions data were grouped into eleven different point-source types and a general
area-source type.  The area source emissions data describe those sources that are too small to be
accounted for individually in pollutant emission surveys.  For the RELMAP mercury modeling study,
area sources were assumed to emit mercury entirely in the form of Hg  gas, while ten of the point source0


types were each assigned mercury speciation profiles based on previous European research (Petersen et
al., 1995) and the results of stack testing at a medical waste incinerator in Dade County, Florida (Stevens
et al., 1996).  These speciation profiles defined the estimated fraction of mercury emitted as Hg , Hg ,0 2+


and Hg .  For medical waste incinerator speciation estimates, it was assumed that one-quarter of the HgP
2+


emissions measured in the hot stack exhaust would quickly convert to Hg  form upon cooling andP


dilution in ambient air.  Municipal waste combustors and medical waste incinerators were further
grouped by the types of air pollution control devices (APCDs) indicated for each plant in the inventory
and separate speciation profiles were assumed for each group based on the assumption that Hg  and Hg2+


P
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are preferentially extracted from the waste stream and that Hg  is extracted only after all Hg  and Hg  is0 2+
P


removed.   The total mercury extraction efficiency for each APCD configuration was based on
information presented in Volume II, Inventory of Anthropogenic Mercury Emissions.  The mercury
emissions inventory for hazardous waste combustors included estimates of the emission speciation for
each plant and no general assumption of speciation profile was required.  


There remains considerable uncertainty as to the actual speciation factors for each point source
type.  A wide variety of alternate emission speciations have been simulated for important groups of
atmospheric mercury sources in order to test the sensitivity of the RELMAP results to the speciation
profiles used (Bullock et al., 1997b).  This work showed that the RELMAP modeling results are very
strongly dependent on the assumed emission speciations.  The emission speciation profiles used for this
study are shown in Table 4-2.  The total (non-speciated) mercury emissions inventory used is that
described in Volume II of this Report.  Figures 4-1, 4-2 and 4-3 show the total mercury emissions from
all anthropogenic sources in the form of Hg , Hg  and Hg , respectively.  Speciated data derived from0 2+


P


actual monitoring of sources are a critical research need.  These data are needed to establish a clear
causal link between mercury originating from anthropogenic sources and mercury concentrations
(projected or actual) in environmental media and/or biota.


Global-scale natural emissions, recycled anthropogenic emissions and current emissions from
anthropogenic sources outside the RELMAP model domain were accounted for by superimposing an
ambient atmospheric concentration of Hg  gas of 1.6 ng/m .  This use of a constant background0 3


concentration to account for global-scale and external anthropogenic emissions is the same technique
used by Petersen et al. (1995).  Functional limitations of Lagrangian pollutant parcel modeling prevent
any explicit treatment of emission sources located outside the spatial domain of the RELMAP as no
external starting point for parcel trajectories can be defined.  Natural and recycled emissions from soils
and water bodies within the model domain cannot be treated explicitly due to the number of simulated
pollutant parcels that would originate from all locations.  Even if these natural and recycled parcels were
explicitly modeled, the prevailing west-to-east atmospheric flow of the mid-latitude northern hemisphere
would produce an artificial west-to-east gradient in the simulated effects from these pollutant parcels. 
The deposition parameterizations described in section 4.2.4.1 were used to simulate the scavenging of
Hg  from the constant background concentration throughout the entire RELMAP model domain.  The0


result was used as an estimate of the deposition of mercury from all natural sources and anthropogenic
sources outside the model domain.
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Table 4-2
Mercury Emissions Inventory Used in the RELMAP Modeling


Mercury Emission Source Type Emissions
(kg/yr)


Speciation Percentages


Hg  Hg  Hg  0 a 2+ b
P


c


Electric Utility Boilers (coal, oil and gas) 46,183 50 30 20


Municipal Waste 50% Control 9,099 40 45 15
Combustors 85% Control 219 100 0 0


Standard 17,393 20 60 20


Total 26,711


Commercial and Industrial Boilers 25,650 50 30 20


Medical Waste Incinerators 94% Control 1,365 33 50 17
Standard 13,177 2 73 25


Total 14,542


Chlor-Alkali Factories 6,482 70 30 0


Hazardous Waste Incinerators 6,435 58 20 22� � �


Portland Cement Manufacturing 4,355 80 10 10


Residential Boilers 3,244 50 30 20


Pulp and Paper Plants 1,651 50 30 20


Sewage Sludge Incinerators 799 20 60 20


Other Point Sources 3,072 80 10 10


Area Sources 2,721 100 0 0


 Hg  represents elemental mercury gasa 0


 Hg  represents divalent mercury gasb 2+


 Hg  represents particulate mercuryc
P


 The inventory included emissions speciation for each plant.  Speciation percentages shown are cumulative for all�


hazardous waste incinerators in the inventory.
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Figure 4-3
Hg(p) Emissions from All Anthropogenic Sources (Base)
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4.2.3.3 Carbon Aerosol Emissions


Penner et al. (1993) concluded that total carbon air concentrations are highly correlated with
sulfur dioxide (SO ) air concentrations from minor sources.  They concluded that the emissions of total2


carbon and SO  from minor point sources are correlated as well, since both pollutants result from the2


combustion of fossil fuel.  Their data indicate a 35% proportionality constant for total carbon air
concentrations versus SO  air concentrations.  The RELMAP mercury model estimated total carbon2


aerosol emissions using this 35% proportionality constant and SO  emissions data for minor sources2


obtained by the National Acidic Precipitation Assessment Program (NAPAP) for the year 1988.  Much of
these SO  emissions data had been previously analyzed for use by the Regional Acid Deposition Model2


(RADM).  For the portion of the RELMAP mercury model domain not covered by the RADM domain,
state by state totals of SO  emissions were apportioned to the county level on the basis of weekday2


vehicle-miles-traveled data since recent air measurement studies have indicated that aerosol elemental
carbon can be attributed mainly to transportation source types (Keeler et al., 1990).  The county level
data were then apportioned by area to the individual RELMAP grid cells.  Total carbon soot was
assumed to be emitted into the lowest layer of the model.


4.2.3.4 Ozone Concentration


Ozone concentration data were obtained from U.S. EPA's Aerometric Information Retrieval
System (AIRS) and the Acidmodes experimental air sampling network.  AIRS and Acidmodes data were
available hourly.  For each observation site in the AIRS database, the ozone concentrations were
computed for the two mid-day RELMAP time steps by using the mean concentration value during the
two corresponding time periods (1000-1300 and 1400-1600 local time).  The mean of these two mid-day
values was used to estimate the ozone concentration for the time steps after 1600 local time and before
1000 local time the next morning.  This previous-day average was used at night since ground-level ozone
data are not valid for the levels aloft where the wet removal of elemental mercury was assumed to be
occurring.  Finally, an objective interpolation scheme using 1/r weighted averaging was used to produce2 


complete ozone concentration grids from observational data for each time step, with a minimum value of
20 ppb imposed.


It is recognized that, by estimating nighttime elevated ozone concentrations from observed
ground-level ozone concentrations of the previous day, we do not resolve any possible advection of
ozone concentration gradients during the nighttime hours.  Since it is well documented that ground level
observations of ozone concentration do not correlate well with actual elevated concentrations at night,
we opted not to use nighttime surface-level data.  Since observations of elevated ozone concentration
were not available except in rare instances, we believe that estimation based on previous-day
observations were our only recourse short of explicit modeling of ozone advection and chemistry within
the RELMAP which is not currently possible.  By not resolving the advection of ozone gradients, it is
possible that nighttime precipitation could co-locate with erroneous estimates of ozone concentration. 
Given that high ozone concentrations do not normally occur with precipitation, these erroneous estimates
of ozone concentration would most likely be too high, leading to an artificial bias toward high simulated
Hg  oxidation and subsequent wet deposition.  Since there remains considerable uncertainty about the0


true nature of Hg  oxidation in cloud water and its controlling effect on wet deposition, the risk of0


modeling errors related to nighttime ozone concentration estimates from previous-day observations was
deemed acceptable.
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4.2.3.5 Lagrangian Transport and Deposition


In the model, each pollutant puff begins with an initial mass equal to the total emission rate of all
sources in the source cell multiplied by the model time-step length.  For mercury, as for most other
pollutants previously modeling using RELMAP, emission rates for each source cell were defined from
emission inventory data, and a time step of three hours was used.  The initial horizontal area of each puff
was set to 1200 km , instead of the standard initial size of 2500 km , in order to accommodate the finer2 2


grid resolution used for the mercury modeling study; however, the standard horizontal expansion rate of
339 km  per hour was not changed.  Although each puff was defined with four separate vertical layers,2


each layer of an individual puff was advected through the model cell array by the same wind velocity
field.  Thus, the layers of each puff always remained vertically stacked.  Wind field initialization data for
a National Weather Service prognostic model, the Nested Grid Model (NGM), were obtained for each
0000 and 1200 GMT initialization time during the year of 1989.  Wind analyses for the � =0.897 verticalp


level of the NGM were used to define the translation of the puffs across the model grid, except during the
months of January, February, and December, when the � =0.943 vertical level was used to reflect a morep


shallow mixed layer.  �  is a pressure-based vertical coordinate equal to (p-p )/(p -p ).  Thep top surface top


� =0.897 and � =0.943 levels approximate elevations above ground level of 1000 m and 500 m,p p


respectively.  These wind fields at 12-h intervals were linearly interpolated in time to produce the wind
fields used to define puff motion for each 3-h RELMAP time step.


Pollutant mass was removed from each puff by the processes of wet deposition, dry deposition,
diffusive air exchange between the surface-based mixed layer and the free atmosphere, and, in the case
of reactive species, chemical transformation.  The model parameterizations for these processes are
discussed in Section 4.2.4.  Hourly precipitation data for the entire year of 1989 from the TD-3240 data
set of the U.S. National Climatic Data Center were used to estimate the wet removal of all pollutant
species modeled.  A spatial and temporal sub-grid-scale analysis of these hourly observations was
performed using a process previously developed for sulfur wet deposition modeling (Bullock, 1994). 
This process provides resolution of precipitation variability not obtainable by simple numerical
averaging of all observations within each grid cell and time step.  Wet and dry deposition mass totals
were accumulated and average surface-level concentrations were calculated on a monthly basis for each
model cell designated as a receptor.  Except for cells in the far southwest and eastern corners of the
model domain where there were no wind data, all cells were designated as receptors for the mercury
simulation.  When the mass of pollutant in a puff declines through deposition, vertical diffusion or
transformation to a user-defined minimum value, or when a puff moves out of the model grid, the puff
and its pollutant load is no longer tracked.  The amount of pollutant in the terminated puff is taken into
account in monthly mass balance calculations so that the integrity of the model simulation is assured. 
Output data from the model includes monthly wet and dry deposition totals and monthly average air
concentration for each modeled pollutant, in every receptor cell.  


4.2.4 Model Parameterizations


4.2.4.1 Chemical Transformation and Wet Deposition


The simplest type of pollutant to model with RELMAP is the inert type.  To model inert
pollutants, one can simply omit chemical transformation calculations for them, and not be concerned
with chemical interactions with the other chemical species in the model.  In the mercury version of
RELMAP, particulate mercury and total carbon were each modeled explicitly as inert pollutant species. 
Reactive pollutants are normally handled by a chemical transformation algorithm.  RELMAP was
originally developed to simulate sulfur deposition, and the algorithm for transformation of sulfur dioxide
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to sulfate was independent of wet deposition.  For gaseous mercury, however, the situation is more
complex.  Since there are no gaseous chemical reactions of mercury in the atmosphere which appear to
be significant (Petersen et al., 1995), for this modeling study mercury was assumed to be reactive only in
the aqueous medium.  Elemental mercury has a very low solubility in water, while oxidized forms of
mercury and particle bound mercury readily find their way into the aqueous medium through dissolution
and particle scavenging, respectively.  Worldwide observations of atmospheric mercury, however,
indicate that particulate mercury is generally a minor constituent of the total mercury loading (Iverfeldt,
1991) and that gaseous elemental mercury (Hg ) is, by far, the major component.  Swedish measurements0


of large north-to-south gradients of mercury concentration in rainwater without corresponding gradients
of atmospheric mercury concentration suggest the presence of physical and chemical interactions with
other pollutants in the precipitation scavenging process (Iverfeldt, 1991).  Aqueous chemical reactions
incorporated into the mercury version of RELMAP were based on research efforts in Sweden (Iverfeldt
and Lindqvist, 1986; Lindqvist et al., 1991; Munthe et al., 1991; Munthe and McElroy, 1992; Munthe,
1992) and Canada (Schroeder and Jackson, 1987; Schroeder et al., 1991).


Unlike other pollutants that have been modeled with RELMAP, mercury has wet deposition and
chemical transformation processes that are interdependent.  A combined transformation/wet-removal
scheme proposed by Petersen et al. (1995) was used.  In this scheme, the following aqueous chemical
processes were modeled when and where precipitation is present:


1) oxidation of dissolved Hg  by ozone yielding Hg0 2+


2) catalytic reduction of this Hg  by sulfite ions2+


3) adsorption of Hg  onto carbon soot particles suspended in the aqueous medium2+


Petersen et al. (1995) shows that these three simultaneous reactions can be considered in the formulation
of a scavenging ratio for elemental mercury gas as follows:


where, 
k  is the second order rate constant for the aqueous oxidation of Hg  by O  equal to 1 3


0


4.7 x 10  M s ,7 -1 -1


k  is the first order rate constant for the aqueous reduction of Hg  by sulfite ions equal 2
2+


to 4.0 x 10  s ,-4 -1


H  is the dimensionless Henry's Law coefficient for Hg  (0.18 in winter, 0.22 in spring and Hg
0


autumn, and 0.25 in summer as calculated from Sanemasa (1975)),
[O ]  is the aqueous concentration of ozone,3 aq


K  is a model specific adsorption equilibrium constant (5.0 x 10  m g ),3
-6 4 -1


c  is the total carbon soot aqueous concentration, andsoot


r is the assumed mean radius of soot particles (5.0 x 10  m).-7
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[O ]   is obtained from this equation:3 aq


where H  is the dimensionless Henry's Law coefficient for ozone (0.448 in winter, 0.382 in spring andO3


autumn, and 0.317 in summer as calculated from Seinfeld (1986)).  c  is obtained from the simulatedsoot


atmospheric concentration of total carbon aerosol using a scavenging ratio of 5.0 x 10 .5


The model used by Petersen et al. (1995) defined one-layer cylindrical puffs, and the Hg0


scavenging layer was defined as the entire vertical extent of the model.  The RELMAP defines 4-layer
puffs to allow special treatment of surface-layer and nocturnal inversion-layer processes.  It was believed
that, due to the low solubility of Hg  in water, the scavenging process outlined above would only take0


place effectively in the cloud regime, where the water droplet surface-area to volume ratio is high, and
not in falling raindrops.  Thus the Hg  wet scavenging process was applied only in the top two layers on0


RELMAP, which extends from 200 meters above the surface to the model top.


For the modeling study described in Petersen et al. (1995), the wet deposition of Hg  was treated2+


separately from that of Hg .  Obviously, any Hg  dissolved into the water droplet directly from the air0 2+


could affect the reduction-oxidation balance between the total concentration of Hg  and Hg  in the0 2+


droplet.  Since the solubility and scavenging ratio for Hg  is much larger than that for Hg , and since air2+ 0


concentrations of Hg  are typically larger than those of Hg , separate treatment of Hg  wet deposition0 2+ 2+


was deemed acceptable for this modeling study also.  Thus, process 2 above was only considered as a
moderating factor for the oxidation of dissolved Hg .0


In the exposure analysis in Volume III, there was no attempt to develop a new interacting
chemical mechanism for simultaneous Hg  and Hg  wet deposition.  Although Hg  was recognized as a0 2+ 2+


reactive species in aqueous phase redox reactions, it was, in essence, modeled as an inert species just like
particulate mercury and total carbon soot.  With the rapid rate at which the aqueous Hg  reduction2+


reaction is believed to occur in the presence of sulfite, it is possible that an interactive cloud-water
chemical mechanism might produce significant conversion of scavenged Hg  to Hg , with possible2+ 0


release of that Hg  into the gaseous medium.0


Wet deposition of Hg , particulate mercury, and total carbon soot in the mercury version of2+


RELMAP were modeled with the same scavenging ratios used by Petersen et al. (1995).  The gaseous
nitric acid scavenging ratio of 1.6 x 10  has been applied for Hg  since the water solubilities of these-6 2+


two pollutant species are similar.  For particulate mercury, a scavenging ratio of 5.0 x 10  was used,-5


based on experiences in long-range modeling of lead in northern Europe.  As previously mentioned, a
scavenging ratio of 5.0 x 10  was also used for total carbon soot.  These scavenging ratios for Hg ,-5 2+


particulate mercury, and total carbon soot were applied to all four layers of the RELMAP in the
calculation of pollutant mass scavenging by precipitation. 


4.2.4.2 Dry Deposition


Recent experimental data indicate that elemental mercury vapor does not exhibit a net dry
depositional flux to vegetation until the atmospheric concentration exceeds a rather high compensation
point well above the global background concentration of 1.6 ng m  (Hanson et al., 1994).  This-3
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compensation point is apparently dependent on the surface or vegetation type and represents a balance
between emission from humic soils and dry deposition to leaf surfaces (Lindberg et al., 1992).  Since the
emission of mercury from soils was accounted for with a global-scale ambient concentration and not an
actual emission of Hg , for consistency, there was no explicit simulation of the dry deposition of Hg .0 0


For Hg  during daylight hours, a dry deposition velocity table previously developed based on2+


HNO  data (Walcek et al., 1985; Wesely, 1986) was used.  The dry deposition characteristics of HNO3 3


and Hg  should be similar since their water solubilities are similar and gaseous dry deposition to2+


vegetation involves solution into moist plant tissue.  This dry deposition velocity data, shown in Table 4-
3, provided season-dependent values for 11 land-use types under six different Pasquill stability
categories.  Based on the predominant land-use type and climatological Pasquill stability estimate of
each RELMAP grid cell, and the season for the month being modeled, the dry deposition velocity values
shown in Table 4-3 were used for the daytime only.  For nighttime, a value of 0.3 cm/s was used for all
grid cells since the RELMAP does not have the capability of applying land-use dependent dry deposition
at night.  Since the nighttime dry deposition was applied only to the lowest layer of the model and no
vertical mixing is assumed for nighttime hours, all Hg  modeled would be quickly depleted from the2+


lowest model layer by larger dry deposition velocities.


For Hg , Petersen et al. (1995) used a dry deposition velocity of 0.2 cm/s at all times andP


locations.  Lindberg et al. (1991) suggests that the dry deposition of Hg  seems to be dependent on foliarP


activity.  In the RELMAP mercury model, daytime dry deposition velocities for Hg  were calculatedP


using a FORTRAN subroutine developed by the California Air Resources Board (CARB, 1987).  A
particle density of 2.0 g cm  and diameter of 0.3 µm was assumed.  Table 4-4 shows the wind speed (u)-3


used for each Pasquill stability category in the calculation of deposition velocity from the CARB
subroutine, while Table 4-5 shows the roughness length (z ) used for each land-use category.  During0


simulated night, all cells used 0.02 cm/s as the dry deposition velocity for Hg .  Lindberg et al. (1991)P


suggested a value of 0.003 cm/s for non-vegetated land, but since the RELMAP can not model land-use
dependent dry deposition at night, the value of 0.02 cm/s was used for these cells by necessity.


For total carbon soot, daytime dry deposition velocities were also calculated using the CARB
subroutine.  A particle density of 1.0 g/cm  and radius of 0.5 µm was assumed.   For nighttime, a dry3


deposition velocity of 0.07 cm/s was used for all seasons and land-use types.


Petersen et al. (1995) used local dry deposition factors for Hg  and Hg  in addition to the normal2+
P


model treatments to remedy an assumed underestimation of the dry deposition rate for mercury species
emitted near the ground due to an underestimation of the ground-level concentration from instantaneous
complete vertical mixing in their model.   This local deposition factor was the fraction of the emissions
from a grid cell that were assumed to dry deposit within that grid cell by processes not otherwise
simulated by the dry deposition parameterization.  In the RELMAP mercury model, we compensated for
this underestimation of local deposition by simulating all depositions before pollutant parcel transport in
each model timestep.  In essence, the parcel was held over its location of origin for 3 h before being
transported away by the horizontal wind.  Thus, no use of a local deposition factor in the RELMAP
modeling was deemed necessary.
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Table 4-3
Dry Deposition Velocity (cm/s) for Divalent Mercury (Hg )2+


Season Land-Use Category
Pasquill Stability Category


A B C D E F


Winter


Urban 4.83 4.80 4.61 4.30 2.79 0.36
Agricultural 1.32 1.30 1.20 1.05 0.46 0.15
Range 1.89 1.86 1.73 1.52 0.73 0.19
Deciduous Forest 3.61 3.57 3.34 3.02 1.68 0.29
Coniferous Forest 3.61 3.57 3.34 3.02 1.68 0.29
Mixed Forest/Wetland 3.49 3.46 3.27 2.99 1.77 0.29
Water 1.09 1.07 0.98 0.85 0.38 0.13
Barren Land 1.16 1.14 1.06 0.92 0.39 0.31
Non-forested Wetland 2.02 2.00 1.89 1.70 0.96 0.21
Mixed Agricultural/Range 1.62 1.60 1.48 1.30 0.60 0.17
Rocky Open Areas 1.98 1.95 1.81 1.58 0.73 0.20


Spring


Urban 4.59 4.54 4.35 4.05 2.49 0.36
Agricultural 1.60 1.56 1.46 1.28 0.53 0.18
Range 1.49 1.46 1.36 1.19 0.48 0.17
Deciduous Forest 3.42 3.36 3.13 2.81 1.42 0.29
Coniferous Forest 3.42 3.36 3.13 2.81 1.42 0.29
Mixed Forest/Wetland 3.28 3.23 3.05 2.78 1.55 0.29
Water 0.98 0.96 0.89 0.77 0.31 0.13
Barren Land 1.05 1.04 0.97 0.85 0.30 0.13
Non-forested Wetland 1.85 1.82 1.73 1.56 0.84 0.21
Mixed Agricultural/Range 1.60 1.56 1.46 1.28 0.53 0.18
Rocky Open Areas 1.84 1.81 1.67 1.46 0.58 0.20


Summer


Urban 4.47 4.41 4.12 3.73 2.07 0.36
Agricultural 2.29 2.25 2.04 1.76 0.72 0.24
Range 1.67 1.64 1.48 1.26 0.41 0.19
Deciduous Forest 3.32 3.26 2.95 2.57 1.04 0.29
Coniferous Forest 3.32 3.26 2.95 2.57 1.04 0.29
Mixed Forest/Wetland 3.17 3.12 2.86 2.53 1.27 0.29
Water 0.92 0.90 0.81 0.69 0.22 0.13
Barren Land 0.98 0.98 0.89 0.76 0.23 0.13
Non-forested Wetland 1.91 1.88 1.73 1.52 0.77 0.22
Mixed Agricultural/Range 1.90 1.87 1.69 1.44 0.52 0.21
Rocky Open Areas 1.95 1.91 1.71 1.46 0.42 0.21


Autumn


Urban 4.64 4.59 4.35 4.05 2.49 0.36
Agricultural 2.02 1.98 1.81 1.60 0.73 0.21
Range 1.78 1.74 1.59 1.40 0.60 0.19
Deciduous Forest 3.46 3.40 3.13 2.81 1.42 0.29
Coniferous Forest 3.46 3.40 3.13 2.81 1.42 0.29
Mixed Forest/Wetland 3.32 3.27 3.05 2.78 1.55 0.29
Water 1.00 0.98 0.89 0.77 0.31 0.13
Barren Land 1.07 1.06 0.97 0.85 0.30 0.13
Non-forested Wetland 1.88 1.86 1.73 1.56 0.84 0.21
Mixed Agricultural/Range 1.93 1.90 1.74 1.53 0.68 0.20
Rocky Open Areas 1.97 1.94 1.76 1.54 0.63 0.20
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Table 4-4
Wind Speeds Used for Each Pasquill Stability Category


in the CARB Subroutine Calculations


Stability Category Wind Speed (m/s)


A 2.0
B 3.0
C 4.0
D 5.0
E 3.0
F 2.0


Table 4-5
Roughness Length Used for Each Land-Use Category


in the CARB Subroutine Calculations


Land-Use Category
Roughness Length (meters)


spring-summer autumn-winter


Urban 0.5 0.5
Agricultural 0.15 0.05
Range 0.12 0.1
Deciduous Forest 0.5 0.5
Coniferous Forest 0.5 0.5
Mixed Forest/Wetland 0.4 0.4
Water 10 10
Barren Land 0.1 0.1
Non-forested Wetland 0.2 0.2
Mixed Agricultural/Range  0.135 0.075
Rocky Open Areas  0.1 0.1


-6 -6


4.2.4.3 Vertical Exchange of Mass with the Free Atmosphere


Due to the long atmospheric lifetime of mercury, the RELMAP was adapted to simulate a
continuous exchange of mass between the surface-based mixed layer and the free atmosphere above.  In
the modeling of Petersen et al. (1995), a depletion of pollutant from the mixed layer was simulated at the
end of the day based on estimates of the subsidence of the mixed-layer top due to the horizontal
divergence of the wind field.  For the RELMAP modeling, a pollutant depletion rate of 5 percent per 3-
hour timestep was chosen to represent this diffusive mass exchange.  When compounded over a 24-hour
period, this depletion rate removes 33.6% of an inert, non-depositing pollutant.  This compares to an
average diffusive mass loss of 30-40% per day in the European modeling study (Petersen, personal
communication).  Since a portion of all modeled species of mercury can deposit to the surface before this
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diffusive mass loss is calculated in the RELMAP, the effective mass loss is somewhat less than 33.6%
per day from this process.


4.3 Modeling the Local Atmospheric Transport of Mercur y in Source Emissions


The program used to model the transport of the anthropogenic mercury within 50 km of an
emissions source was the ISC3 gas deposition model,  obtained from USEPA’s Support Center for
Regulatory Air Models (SCRAM) website (the program is called GDISCDFT).  This model has a gas dry
deposition model that was applied in this study.  


4.3.1 Phase and Oxidation State of Emitted Mercury


Reports describe several forms of mercury detected in the emissions from the selected sources. 
Primarily, these include elemental mercury (Hg ) and inorganic mercuric (Hg ).  Generally, only total0 2+


mercury has been measured in emission analyses.  The reports of MHg in emissions are imprecise.  It is
believed that, if MHg is emitted from industrial processes and combustion sources, the quantities emitted
are much smaller than emissions of Hg  and Hg .  Only Hg  and Hg  were considered in the air0 +2 0 +2


dispersion modeling.


The two types of mercury species considered in the emissions are expected to behave quite
differently once emitted from the stack.  Hg , due to its high vapor pressure and low water solubility, is0


not expected to deposit close to the facility.  In contrast, Hg , because of differences in these properties,2+


is expected to deposit in greater quantities closer to the emission sources. 


At the point of stack emission and during atmospheric transport, the contaminant is partitioned
between two physical phases:  vapor and particle-bound.  The mechanisms of transport of these two
phases are quite different.  Particle-bound contaminants can be removed from the atmosphere by both
wet deposition (precipitation scavenging) and dry deposition (gravitational settling, Brownian diffusion). 
Vapor phase contaminants may also be depleted by these processes, although historically their main
impacts were considered to be through absorption into plant tissues (air-to-leaf transfer) and human
exposure occurred through inhalation.


For the present analysis, the vapor/particle (V/P) ratio was assumed to be equal to the V/P ratio
as it would exist in the emissions plume. It is recognized that this is a simplification of reality, as the ratio
when emitted from the stack is likely to change as the distance from the stack increases. It was assumed
that 25% of the divalent emissions from an individual source would attach to particles in the plume. The
uncertainty in this estimate is acknowledged. Essentially, particulate mercury is not measured at stack tip
but has been measured in plumes downwind from local sources. It is assumed that the divalent fraction
binds to sulfur particles.


The particle-size distribution may differ from one combustion process to another, depending on
the type of furnace and design of combustion chamber, composition of feed/fuel, particulate matter
removal efficiency and design of air pollution control equipment, and amount of air in excess of
stoichiometric amounts that is used to sustain the temperature of combustion.  The particle size
distribution used is as estimate of the distribution within an ambient air aerosol mass and not at stack tip. 
Based on this assumption, an aerosol particle distribution based on data collected by Whitby (1978) was
used.  This distribution is split between two modes: accumulation and coarse particles.  The geometric
mean diameter of several hundred measurements indicates that the accumulation mode dominates particle
size, and a representative particle diameter for this mode is 0.3 microns.  The coarse particles are formed
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largely from mechanical processes that suspend dust, sea spray and soil particles in the air.  A
representative diameter for coarse particles is 5.7 microns.  The fraction of particle emissions assigned to
each particle class is approximated based on the determination of the density of surface area of each
representative particle size relative to total surface area of the aerosol mass.  Using this method,
approximately 93% and 7% of the total surface area is estimated to be in the 0.3 and 5.7 micron diameter
particles, respectively.


Table 4-6
Representative Particle Sizes and Size Distribution 


Assumed for Divalent Mercury Particulate Emissions


Representative Particle Size Assumed Fraction of Particle
(microns)* Emissions in Size Category


0.3 0.93


5.7 0.07
*These values are based on the geometric means of aerosol particle


 distribution measurements as described in Whitby (1978).


The speciation estimates for the model plants were made from thermal-chemical modeling of
mercury compounds in flue gas, from the interpretation of bench and pilot scale combustor experiments
and from interpretation of available field test results.  The amount of uncertainty surrounding the
emission rates data varies for each source.  There is also a great deal of uncertainty with respect to the
species of mercury emitted.


Although the speciation may change with distance from the local source, for this analysis it was
assumed that there were no plume reactions that significantly modified the speciation at the local source. 
Because of the differences in deposition characteristics of the two forms of mercury considered, the
assumption of no plume chemistry is a particularly important source of uncertainty.  


4.3.2 Modeling the Deposition of Mercury


Once emitted from a source, the mercury may be deposited to the ground via two main processes:
wet and dry deposition.  Wet deposition refers to the mass transfer of dissolved gaseous or suspended
particulate mercury species from the atmosphere to the earth's surface by precipitation, while dry
deposition refers to such mass transfer in the absence of precipitation. 


The deposition properties of the two species of mercury addressed in stack emissions, elemental
and divalent mercury, are considered to be quite different.  Due to its higher solubility, divalent mercury
vapor is thought to deposit much more rapidly than elemental mercury.  However, at this time no
conclusive data exist to support accurate quantification of the deposition rate of divalent mercury vapor. 
In this analysis, nitric acid vapor is used as a surrogate for Hg  vapor based on their similar solubility in++


water.  Whether a pollutant is in the vapor form or particle-bound is also important for estimating
deposition, and each is treated separately.


Dry deposition is estimated by multiplying the predicted air concentration at ground level by a
deposition velocity.  For particles, the dry deposition velocity is estimated using the CARB algorithms
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(CARB 1986) that represent empirical relationships for transfer resistances as a function of particle size,
density, surface area, and friction velocity.  For the vapor phase fraction for elemental mercury, a single
dry deposition velocity of 0.06 cm/s is assumed.  This is based on the average of the winter and summer
deposition velocities presented in Lindberg et al. (1992) for forests.  Although it is generally
acknowledged that elemental mercury dry deposits with a (net) rate much lower than divalent mercury
vapor, the precise value is uncertain, and there can be considerable variability with season and time of
day.  Additionally, dry deposition of elemental mercury may not occur at all unless the air concentration
is sufficiently high.  Preliminary research (Hanson et al.1995) indicates that under some experimental
conditions no dry deposition occurs unless the air concentration is at least 10 ng/m ; this was termed a3


compensation point (the value at which dry deposition would being to occur is expected to depend on
many factors, including time of year and the type of flora present).  These preliminary results were not
specifically addressed in the current study; however, sensitivity analyses were conducted in order to
determine the possible impact that such a compensation point might have on the predicted dry deposition
of elemental mercury (see Section 5.3.4.1 below).


In ISC-GAS, the dry deposition of divalent mercury vapor was modeled by calculating a dry
deposition velocity for each hour using the assumptions usually made for nitric acid for the input
parameters (see EPA 1996; User’s Guide for the Gas Dry Deposition Model, page inserts to the User’s
Guide for the Industrial Source Complex (ISC3) Dispersion Models).  Ultimately, using the assumptions
here, the average predicted dry deposition velocity was about 2.9 cm/s for divalent mercury vapor, which
is essentially the average of the values used in the RELMAP modeling for coniferous forests.


Table 4-7
Parameter Values Assumed for Calculation of Dry Deposition Velocities for 


Divalent Mercury Vapor


Parameter Value


Molecular diffusivity (cm2/sec) 0.1628


Solubility enhancement factor 109


Pollutant reactivity 800


Mesophyll resistance 0


Henry’s law coefficient 2.7e-7


Wet deposition is estimated by assuming that the wet deposition rate is characterized by a
scavenging coefficient which depends on precipitation intensity and particle size.  For particles, the
scavenging ratios used are from Jindal and Heinold (1991) (see Figure 4-4).  For the vapor phase
fraction, a scavenging coefficient is also used, but it is calculated using estimates for the washout ratio,
which is the ratio of the concentration of the chemical in surface-level precipitation to the concentration
in surface-level air.  Because of its higher solubility, divalent mercury vapor is assumed to be washed out
at significantly higher rates than elemental mercury vapor.  The washout ratio for divalent mercury vapor
was selected based on an assumed similarity between scavenging for divalent mercury and gaseous nitric
acid.  This is based on Peterssen (1995), and the value used for the washout ratio for divalent vapor was
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1.6x10 . The washout ratio for elemental mercury vapor was assumed to be 1200.  This is a calculated6


value based on the model of Peterssen et al. (1995), with a soot concentration 0.


Figure 4-4 
Wet Deposition Scavenging Ratios Used in Local Scale Air Modeling for Particulate-Bound


Mercur y (Jindal and Heinold 1991)
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Table 4-8
Air Modelin g Parameter Values Used in the Exposure Assessment:  Generic Parameters


Parameter Value Used in Study


Particle Density (g/cm ) 1.83


Surface Roughness Length (m)* 0.30


Anemometer Height (m) 10


Wind Speed Profile Exponents


Stability Class A 0.07


Stability Class B 0.07


Stability Class C 0.10


Stability Class D 0.15


Stability Class E 0.35


Stability Class F 0.55


Terrain Adjustment Factors


Stability Class A 0.5


Stability Class B 0.5


Stability Class C 0.5


Stability Class D 0.5


Stability Class E 0


Stability Class F 0


Distance Limit for Plume Centerline (m) 10


Model Run Options


Terrain Adjustment Yes


Stack-tip Downwash No


Building Wake Effects No


Transitional Plume Rise Yes


Buoyancy-induced dispersion Yes


Calms Processing Option No


 This is used to estimate deposition velocities for particles.a
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4.3.3 Rationale and Utility of Model Plant Approach


Mercury is generally present as a low-level contaminant in combustion materials (e.g., coal or
municipal solid waste) and industrial material (for more information on mercury in emissions refer to
Volume II of this Report).  During combustion and high-temperature industrial processes, mercury is
volatilized from these materials.  Because of its high volatility, it is difficult to remove mercury from the
post-combustion air stream.  As a consequence, mercury is released to the atmosphere.  As noted
previously, anthropogenic mercury emissions are not the only source of mercury to the atmosphere. 
Mercury may be introduced into the atmosphere through volatilization from natural sources such as lakes
and soils.  Consequently, it is difficult to trace the source(s) of mercury concentrations in environmental
media and biota.  For this reason it is also difficult to gain an understanding of contribution to those
concentrations.


For this assessment it was not possible to model the emission impact of every mercury emission
source in each selected industrial and combustion class.  Consequently, the actual mercury emission data
and facility characteristics for any specific source were not modeled.  Instead, a model plant approach, as
described in Appendix C, was utilized to develop facilities which represent actual sources.  Model plants
were developed to represent four source categories; namely municipal waste combustors, coal and oil-
fired boilers, medical waste incinerators, and chlor-alkali plants.  The model plants were designed to
characterize the mercury emission rates as well as the atmospheric release processes exhibited by actual
facilities in the source class.  The modeled facilities were not designed to exhibit extreme sources (e.g.,
the facility with the highest mercury emission rate) but rather to serve as a representative of the
industrial/combustion source class.


This assessment took as its starting point the results of measured mercury emissions from
selected anthropogenic sources.  Using a series of fate models and hypothetical constructs, mercury
concentrations in environmental media, pertinent biota and ultimately mercury contact with human and
wildlife receptors were predicted.  An effort was made to estimate the amount of receptor contact with
mercury as well as the oxidative state and form of mercury contacted.


In taking the model plant approach, it was realized that there would be a great deal of uncertainty
surrounding the predicted fate and transport of mercury as well as the ultimate estimates of exposure. 
The uncertainty can be divided into modeling uncertainty and parameter uncertainty.  Parameter
uncertainty can be further subdivided into uncertainty and variability depending on the level to which a
particular model parameter is understood.  A limited quantitative analysis of uncertainty is presented.  It
is also hoped that the direction of future research can be influenced toward reducing the identified
uncertainties which significantly impact key results.


4.3.4 Development and Description of Model Plants


Model plants representing four source classes were developed to represent a range of mercury
emissions sources.  The source categories were selected for the exposure assessment based on their
estimated annual mercury emissions as a class or their potential to be localized point sources of concern. 
The categories selected were these:
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� municipal waste combustors (MWCs),
� medical waste incinerators (MWIs),
� utility boilers, and 
� chlor-alkali plants (CAP).


Parameters for each model plant were selected after evaluation of the characteristics of a given
source category and current knowledge of mercury emissions from that source category.  Important
variables for the mercury risk assessment included mercury emission rates, mercury speciation and
mercury transport/deposition rates.  Important model plant parameters included stack height, stack
diameter, stack volumetric flow rate, stack gas temperature, plant capacity factor (relative average
operating hours per year), stack mercury concentration, and mercury speciation.  Emission estimates
were assumed to represent typical emission levels emitted from existing sources.  Table 4-9 shows the
process parameters assumed for each model plant considered in this analysis (for details regarding these
values, see Appendix C). 


4.3.5 Hypothetical Locations of Model Plants


There are a variety of geographic aspects that can influence the impacts of mercury emissions
from an anthropogenic source.  These aspects include factors that affect the environmental chemistry of a
pollutant and the physics of plume dispersion.  Environmental chemistry can include factors such as the
amount of wet deposition in a given area.  Factors affecting plume dispersion include terrain, wind
direction and average wind speed.


Because wet deposition may be an important factor leading to mercury exposures, especially for
the more soluble species emitted, the meteorology of a location was used as a selection criterion.  Two
different types of meteorology were deemed necessary to characterize the environmental fate and
transport of mercury:  an arid/semi-arid site and a humid site.  The humidity of an area was based on total
yearly rainfall.  (See Appendix B).


Terrain features refer to the variability of the receptor height with respect to a local source. 
Broadly speaking, there were two main types of terrain used in the modeling:  simple, and complex. 
Simple terrain is defined as a study area that is relatively level and well below stack top (rather, the
effective stack height).  Complex terrain referred to terrain that is not simple, such as source located in a
valley or a source located near a hill.  This included receptors that are above or below the top of the stack
of the source.  Complex terrain can effect concentrations, plume trajectory, and deposition.  Due to the
complicated nature of plume flow in complex terrain, it is probably not possible to predict impacts in
complex terrain as accurately as for simple terrain. In view of the wide range of uncertainty inherent in
accurately modeling the deposition of the mercury species considered, the impacts posed by complex
terrain were not incorporated in the local scale analysis.


Two generic sites are considered:  a humid site east of 90 degrees west longitude, and a more
arid site west of 90 degrees west longitude (these are described in Appendix B).  The primary differences
between the two sites as parameterized were the assumed erosion characteristics for the watershed and
the amount of dilution flow from the water body.  The eastern site had generally steeper terrain in the
watershed than for the other site.  A circular drainage lake with a diameter of 1.78 km and average depth
of 5 m, with a 2 cm benthic sediment depth was modeled at both sites.  The watershed area was 37.3 km . 2
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Table 4-9
Process Parameters for Model Plants


Model Plant Plant Size  (% of (ft) Diameter  Rate  Percent Velocity (°F)
Capacity Stack Height Stack Hg Emission Speciation Exit Exit Temp.


year) (ft) (kg/yr) (Hg /Hg /Hg ) (m/sec)0 2+ P


Large Municipal 2,250 90% 230 9.5 220 60/30/10 21.9 285
Waste tons/day
Combustors


Small Municipal 200 tons/day 90% 140 5 20 60/30/10 21.9 375
Waste
Combustors


Large 1500 lb/hr 88% 40 2.7 4.58 33/50/17 9.4 175
CommercialHMI capacity
Waste Incinerator (1000 lb/hr
(Wetscrubber) actual)


Large Hospital 1000 lb/hr 39% 40 2.3 23.9 2/73/25 16 1500
HMI  Waste capacity
Incinerators (667 lb/hr
(Good actual)
Combustion)


Small Hospital 100 lb/hr 27% 40 0.9 1.34 2/73/27 10.4 1500
HMI  Waste capacity
Incinerators (67 lb/hr
(1/4 actual)
sec.Combustion)


Large Hospital 1000 lb/hr 39% 40 2.3 0.84 33/50/17 9.0 175
HMI  Waste capacity
Incinerators (667 lb/hr
(Wet Scrubber) actual)


Small Hospital 100 lb/hr 27% 40 0.9 0.05 33/50/17 5.6 175
HMI  Waste capacity
Incinerators (Wet (67 lb/hr
Scrubber) actual)


Large Coal-fired 975 65% 732 27 230 50/30/20 31.1 273
Utilit y Boiler Megawatts


Medium 375 65% 465 18 90 50/30/20 26.7 275
Coal-fired Utility Megawatts
Boiler


Small Coal-fired 100 65% 266 12 10 50/30/20 6.6 295
Utilit y Boiler Megawatts


Medium Oil-fired 285 65% 290 14 2 50/30/20 20.7 322
Utilit y Boiler Megawatts


Chlor-alkali plant 300 tons 90% 10 0.5 380 70/30/0 0.1 Ambient
chlorine/day


 Hg   =  Elemental Mercurya 0


 Hg   = Divalent Vapor Phase Mercuryb 2+


 Hg    = Particle-Bound Mercuryc
P
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4.4 Modeling Mercury in a Watershed


Atmospheric mercury concentrations and deposition rates estimated from RELMAP and ISC3
drive the calculations of mercury in watershed soils and surface waters.  The soil and water
concentrations, in turn, drive calculations of concentrations in the associated biota and fish, which
humans and other animals are assumed to consume.  The watershed model used for this report, IEM-2M,
was adapted from the more general IEM-2 methodology (U.S. EPA, 1990; U.S. EPA, 1994, external
review draft) to handle mercury fate in soils and water bodies.  


4.4.1 Overview of the Watershed Model


IEM-2M simulates three chemical components -- elemental mercury, Hg  (C ), divalent mercury,0
1


HgII (C ), and methyl mercury, MHg (C ).  In the previous version of IEM-2, these components were2 3


assumed to be in a fixed ratio with each other as specified by the fraction elemental (f ) and fraction1


methyl (f ).  This updated version calculates the fractions in each component based on specified or3


calculated rate constants.  The equations and parameters are described below, and implemented in an
Excel spreadsheet.  The model is parameterized for several hypothetical scenarios as described in
Chapter 5.


IEM-2M is composed of two integrated modules that simulate mercury fate using mass balance
equations describing watershed soils and a shallow lake, as illustrated in Figures 4-5 and 4-6.  The mass
balances are performed for each mercury component, with internal transformation rates linking Hg ,0


HgII, and MHg.  Sources include wetfall and dryfall loadings of each component to watershed soils and
to the water body.  An additional source is diffusion of atmospheric Hg  vapor to watershed soils and the0


water 


Figure 4-5
Configuration of Hypothetical Water Body and Watershed Relative to Local Source
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Definitions for Figure 4-6


C total mercury concentration in upper soil ng/gsoil


C total mercury concentration in water body ng/Lw


C vapor phase mercury concentration in air ng/matm
3


D average dry deposition to watershed �g/m -yryds
2


D average wet deposition to watershed �g/m -yryws
2


Figure 4-6
Overview of the IEM-2M Watershed Modules
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body.  Sinks include leaching of each component from watershed soils, burial of each component from
lake sediments, volatilization of Hg  and MHg from the soil and water column, and advection of each0


component out of the lake.


At the core of IEM-2M are 9 differential equations describing the mass balance of each mercury
component in the surficial soil layer, in the water column, and in the surficial benthic sediments.  The
equations are solved for a specified interval of time, and predicted concentrations are output at fixed
intervals.  For each calculational time step, IEM-2M first performs a terrestrial mass balance to obtain
mercury concentrations in watershed soils.  Soil concentrations are used along with vapor concentrations
and deposition rates to calculate concentrations in various food plants.  These are used, in turn, to
calculate concentrations in animals.  IEM-2M next performs an aquatic mass balance driven by direct
atmospheric deposition along with runoff and erosion loads from watershed soils.  MHg concentrations
in fish are derived from dissolved MHg water concentrations using bioaccumulation factors (BAF).


IEM-2 was developed to handle individual chemicals, or chemicals linked by kinetic
transformation reactions.  IEM-2M is expanded to include specific kinetic transformation rates affecting
mercury components in soil, water, and sediments -- oxidation, reduction, methylation, and
demethylation.  These transformation rates are driven by specified rate constants.  Volatilization kinetics
are included as a transfer reaction driven by specified chemical properties and environmental conditions.


The nature of this methodology is quasi-steady with respect to time and homogeneous with
respect to space.  While it tracks the buildup of soil and water concentrations over the years given a
steady depositional load and long-term average hydrological behavior, it does not respond to unsteady
loading or meteorological events.  There are, thus, limitations on the analysis and interpretations imposed
by these simplifications.  The model's calculations of average water body concentrations are less reliable
for unsteady environments, such as streams, than for more steady environments, such as lakes.


 4.4.2 Description of the Watershed Soil Module


The IEM-2M watershed soil module calculates surface soil concentrations, including dissolved,
sorbed, and gas phases, as illustrated in Figure 4-7.  The model accounts for three routes of contaminant
entry into the soil:  deposition of particle-bound contaminant through dryfall; deposition through wetfall;
and diffusion of vapor phase contaminant into the soil surface.  The model also accounts for four
dissipation processes that remove mercury from the surface soils: volatilization (diffusion of gas phase
out of the soil surface); runoff of dissolved phase from the soil surface; leaching of the dissolved phase
through the soil horizon; and erosion of particulate phase from the soil surface.  Key assumptions in the
watershed soil module were these:


� Soil concentrations within a depositional area are assumed to be uniform within the area,
and can be estimated by the following key parameters:  dry and wet contaminant
deposition rates, a diffusion-driven gaseous exchange rate with the atmosphere, a set of
soil transformation rates, a soil bulk density, and a soil mixing depth.


� The partitioning of mercury components among soil water, soil particle, and soil gas
phases can be described by partition coefficients and Henry’s Law constants.
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Definitions for Figure 4-7


C vapor phase chemical concentration in air µg/matm
3


D average dry deposition to watershed  mg/yryds


D average wet deposition to watershed mg/yryws


C total chemical concentration in soil mg/Lst


C reaction product concentration in soil mg/Lst
'


C background chemical concentration in soil mg/Lb


C chemical concentration in soil gas µg/mgs
3


chemical concentration in soil water mg/LCDs


C chemical concentration on soil particles µg/gps


H Henry's Law constant atm-m /mole3


R universal gas constant atm-m /mole-�K3


T temperature �K
K soil/water partition coefficient L/kgds


Figure 4-7
Overview of the IEM2 Soils Processes







Csi � Sci � BD


Vs dCsi


d t
� LSD,i � STs,i � SLs,i


STs,i � �ksT � Vs � Csj


SLs,i � ksx � Vs � Csi


Cig � Ciw � Cis
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4.4.2.1 Development of Soil Mass Balance Equations


The concentration of constituent �i� in watershed soils can be expressed per unit volume (C , insi


mg/L) or per unit mass (Sc , in mg/kg), where BD is soil bulk density (dry weight basis), in kg/L:i


Given constant steady depositional loading L (g/yr) onto a surficial soil layer, the following massSD,i  


balance equation governs the mass response:


where:
V = watershed soil volume (m )s


3


S  = total transformation source in the soil layer (g/yr) Ts,i


S  = total transport and transformation loss in the soil layer (g/yr).  Ls,i


A simple first-order transformation source from constituent C  would be given by:sj


where: 
ks  = first-order transformation rate constant (yr )  T


-1


Similarly, a simple first-order loss process would be given by: 


where: 
ks  = total first-order loss rate constant (yr )x


-1


The basic mass balance equation is applied to three interacting mercury components.  For each
component �i,� three phases in local equilibrium are calculated -- gas phase (C , �g/m ), aqueous phaseig 


3


(C , mg/L), and solid phase (C , �g/g):iw is


The fraction of each component �i� in each phase -- f , f , and f  -- is calculated using partitionig iw is


coefficients and properties of the soil, as described in a section below.







ksr


C1T � C2T


kso


ksdm


C2T � C3T


ksm


C3T � C1T


ksmd


Cig � Cia


ksdiff
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The three mercury components are linked by a set of transformation reactions, including
oxidation of total elemental mercury, reduction and methylation of total divalent mercury, and
demethylation of total methyl mercury by two pathways:


These are modeled as first-order processes, each a function of environmental conditions, where: 


ks  = oxidation rate constant (yr ) o
-1


ks  = reduction rate constant (yr ) r
-1


ks  = methylation rate constant (yr ) m
-1


ks  = demethylation rate constant (yr )dm
-1 


ks  = mer cleavage demethylation rate constant (yr )  md
-1


Each mercury component is also subject to a set of transport processes, including leaching and
runoff of dissolved phase, erosion of particulate phase, and volatilization of gas phase.  These are
modeled as first-order processes, where ks  is the leaching rate constant (yr ), ks  is the runoff rateL R


-1


constant (yr ), and ks  is the erosion rate constant (yr ). Each of these rate constants is a function of-1 -1
e


environmental conditions.  While leaching, runoff, and erosion are strictly loss processes from the soil,
volatilization is a diffusive exchange process between soil and atmosphere:


where: 
ks  = diffusive exchange volume (m /yr)  diff


3


This diffusive exchange leads to an atmospheric loading that partially balances the volatile loss from the
soil.  The net loss rate is the product of ks  and the concentration gradient (C -C ).  For modelingdiff ig ia


purposes, it is convenient to divide this process into a diffusive loading term and a first-order loss term,
where ks  is the volatilization loss rate constant (yr ).  These are developed in the sections below.v


-1


Using the calculated phase fractions, three differential equations can be written to describe the
mercury mass balance in soil:







Vs � dCs1


dt
� LSD,1 � ksr �Vs � Cs2 � ksmd�Vs � Cs3


� ( ksv,1�kso�ksRO�ksL�kse) � Vs � Cs1


Vs � dCs2


dt
� LSD,2 � kso �Vs � Cs1 � ksdm�Vs � Cs3


� (ksr�ksm�ksRO�ksL�kse) � Vs � Cs2


Vs � dCs3


dt
� LSD,3 � ksm�Vs � Cs2


� (ksv,3�ksdm�ksmd�ksRO�ksL�kse) � Vs � Cs3


LSD,i � (Dydwi � Dywwi � LDIF,i) � As


LDIF,i �


ksdiff,i


As


� Ca,i � 10�6


4-30 


The major model coefficients are described in more detail in the sections below.


4.4.2.2 Loads to Watershed Soils


The total atmospheric loading term for component �i� --  L   in the mass balance equations -- isSD,i


the sum of the wetfall, dryfall, and vapor diffusion fluxes:


where: 
Dydw  = yearly-average dry depositional flux of component �i� (g/m -yr) i


2


Dyww = yearly-average wet depositional flux of component �i� (g/m -yr) i
2


L  = yearly-average vapor diffusion flux of component �i� (g/m -yr) DIF,i
2


The vapor diffusion flux is calculated from the diffusion volume and the atmospheric concentration,
normalized to the surface area:


where: 
ks  = diffusive exchange volume (m /yr)diff,i


3


A  = surface area of the watershed soil element (m ) s
2


C  = vapor phase atmospheric concentration for component �i� (µg/m )   a,i
3







ksdiff �
Di � As � �v


zr


� 3.15×107 � 10�4


Cig � (Hi/RTK) � Ciw


Cis � Kdi � Ciw


CiT � Cig ��v � Ciw ��w � Cis�BD
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The diffusive exchange volume is calculated from the atmospheric diffusion coefficient:


where: 
D  = atmospheric diffusion coefficient for component �i� (cm /sec) i


2


�  = soil void fractionv


z  = characteristic diffusion reference depth (m) r


    3.15×10  = units conversion factor (sec/yr) 7


10  = units conversion factor (m /cm )   -4 2 2


The product A��  represents the cross-sectional area within the soil through which diffusion occurs.s v


4.4.2.3 Equilibrium Speciation Reactions


The gas and solid phase concentrations are calculated from the aqueous phase concentration:


where: 
H  = Henry’s Law constant (atm-m /mole) i


3


R = universal gas constant (atm-m /mole-�K) 3


T  = temperature (�K) K


K  = solids partition coefficient (L/kg)  di


The total amount of mercury in component �i� is the summation across all phases:


where: 
�  = soil void fraction (L/L)v


�  = soil water fraction (L/L) w


BD = soil bulk density (kg/L) on a dry weight basis.  


From these equations, the fraction of component �i� in each phase can be calculated:







fig �


(Hi/RTK) ��v


(Hi/RTK) ��v � �w � Kdi �BD


fiw �


�w


(Hi/RTK) ��v � �w � Kdi �BD


fis �


Kdi �BD


(Hi/RTK) ��v � �w � Kdi �BD


ksRO,i �
Ro


zs


�
fiw


�w
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4.4.2.4 Transformation Processes in Watershed Soils


As described above, five transformation reactions are modeled as first-order rates.  Rate
constants are directly specified and applied to the bulk concentration (all phases) to give internal mass
transformation loadings.  The oxidation loading ks�V �C  is subtracted from the Hg  mass balanceo s s1


0


equation and added to the HgII equation.  The reduction loading ks�V �C  is subtracted from the HgIIr s s2


equation and added to the Hg  equation.  The methylation loading ks�V �C  is subtracted from the HgII0
m s s2


equation and added to the MHg equation.  The demethylation loading ks�V �C  is subtracted from thedm s s3


MHg equation and added to the HgII equation.  Finally, the mer demethylation loading ks�V �C  ismd s s3


subtracted from the MHg equation and added to the Hg  equation.0


There is evidence that reduction in soil is mediated by sunlight, is proportional to soil water
content, and occurs most rapidly within the upper 5 mm of the soil surface (Carpi and Lindberg, 1997). 
As a result, the input reduction rate constant k  is normalized to a reference depth z  of 5 mm and tors r


100% water content.  The actual reduction rate constant ks  used in the model is the product of k , ther rs


soil water content �  and the ratio of the reference depth to the depth of the soil layer z /z .w r s


4.4.2.5 Transport and Transfer Processes in Watershed Soils


The total transport loss of component �i� from the soil is the sum of the loss rates due to
leaching, runoff, erosion, and volatilization.  In the governing mass balance equations, these loss rates
are expressed as the product of a loss rate constant, the total component concentration, and the soil
volume.  The runoff loss constant is a function of the runoff volume and the dissolved fraction of
component �i�:


where: 
Ro = average annual runoff  (m/yr) 
z  = upper soil layer depth (m) s


�  = volumetric water content (dimensionless; cm /cm )w
3 3







ksL,i �
P � I � Ro � EV


zs


�
fiw


�s


kse,i �
Xe � SD� ER


zs


�
fis


1000� BD


ksv � Vs � Csi � ksdiff,i � Cig


ksv �


ksdiff,i


Vs


�
fig
�v
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f  = aqueous fraction of component �i� concentration.  iw


The first term times the soil volume is the annual runoff volume in m /yr, while the second term times3


the total concentration is the aqueous concentration in the runoff in g/m .3


The leaching loss constant is a function of the leaching volume and the dissolved fraction of
component �i�:


where:  
P = average annual precipitation (m/yr)
I = average annual irrigation (m/yr)
EV = average annual evapotranspiration (m/yr).  


The first term times the soil volume is the annual percolation volume in m /yr , while the second term3


times the total concentration is the aqueous concentration in percolating water, in g/m .3


The erosion loss constant is a function of the erosion mass and the particulate fraction of
component �i�:


where: 
X  = unit soil loss (kg/m -yr; see Eq [9-3], IED; Wischmeier and Smith, 1978)e


2


SD = sediment delivery ratio 
ER = particle enrichment ratio 
BD = soil dry density (g/cm ) 3


f  = sorbed fraction of the total component �i� concentration .  is


The first term times the soil volume is the annual erosion mass in kg/yr, while the second term times the
total concentration is the sorbed concentration on the eroding particles in g/kg.


The volatilization rate constant ks  can be derived from the diffusive exchange volume and gasv


phase concentration:


where: 
ks  = diffusive exchange volume (m /yr)diff,i


3


V  = soil layer volume (m )s
3







ksv � 3.15×103
Di � �v


zs � zr


�
fig


�v
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�  = void fraction.  v


Substituting in the expression for ks  gives the volatilization rate constant in terms of the atmosphericdiff,i


diffusivity and the gaseous fraction of component �i� in the soil:


where: 
D = atmospheric diffusivity (cm /sec) i


2


z  = soil thickness (m) s


z  = characteristic diffusive mixing depth (m) r


    3.15×10  = units conversion factor (sec/yr � m /cm ) 3 2 2


�  = soil void fractionv


f = gaseous fraction of the total component �i� concentration.  ig


The first term times the soil volume is the annual gas diffusion volume in m /yr, while the second term3


times the total concentration is the gas phase concentration in the void space in g/m .3


4.4.3 Description of the Water Body Module


The IEM-2M water body module estimates water column as well as bed sediment concentrations
in a shallow lake.  Water column concentrations included dissolved, sorbed to suspended sediments and
total (sorbed plus dissolved, or total contaminant divided by total water volume).  This framework also
provides three concentrations for the bed sediments:  dissolved in pore water, sorbed to bed sediments,
and total.  The model accounts for five routes of contaminant entry into the water body:  erosion of
mercury sorbed to soil particles; runoff of dissolved mercury in runoff water; deposition of particle-
bound mercury through wetfall; deposition of particle-bound mercury through dryfall; and diffusion of
vapor phase Hg  into the water body.  The model also accounts for three dissipation processes that0


remove mercury from the water body: volatilization of dissolved phase Hg  and MHg from the water0


column; removal of total mercury via "burial" from the surficial bed sediment layer; and advection of
total mercury from the water column via outflow.  The burial rate is a function of the deposition of biotic
and abiotic solids from the water column to the bed; it accounts for the fact that much of the soil eroding
into a water body annually is incorporated into bottom sediment.  The impact to the water body was
assumed to be uniform.  This tends to be more realistic for smaller water bodies as compared to large
rivers or lakes.  Key features and assumptions in the surface water body module include the following.


� The partitioning of mercury components between the water column and suspended biotic and
abiotic solids, and between pore water and sediment particles is in local equilibrium as described
by a set of partition coefficients.


� Atmospheric mercury wetfall and dryfall loads are handled as a constant average flux.


� Surface runoff mercury loadings are estimated as a function of the dissolved concentration of
mercury in the surficial soil water (calculated by the soil module as a function of time) and the
specified annual water runoff.







Vw dCwt


d t
� LT � Vfx�Cwt � Rsw� (Cdb�Cdw)


� [vs�Csw � vsB�CBw � vrs �Cbt] �Aw


� Swt � kv�Aw �Cdw


Vb dCbt


d t
� � Rsw� (Cdb�Cdw) � Sbt


� [vs�Csw� vsB�CBw � (vrs�vb) �Csb] �Aw
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� Soil erosion mercury loadings are calculated as a function of the sorbed concentration of
mercury in the surficial soil layer (calculated by the soil module as a function of time), together
with the calculated annual soil erosion, a sediment delivery ratio, and an enrichment ratio.  The
sediment delivery ratio serves to reduce the total potential amount of soil erosion (where the total
potential erosion equals the unit erosion rate in kg/m  multiplied by the watershed area, in m )2 2


reaching the water body.  This parameter accounts for the observation that most of the eroded
particles mobilized within a watershed during a year deposit prior to reaching the water body. 
The enrichment ratio accounts for the fact that eroding soils tend to be lighter in texture, more
abundant in surface area, and higher in organic carbon.  All these characteristics lead to
concentrations in eroded soils that tend to be higher than those in situ soils.


� Diffusive mercury loadings from the atmosphere are calculated as a function of a specified
atmospheric vapor concentration, the calculated dissolved water column concentration, and the
calculated transfer velocity.  The dissolved concentration in a water body is driven toward
equilibrium with the vapor phase concentration above the water body.  At equilibrium, gaseous
diffusion into the water body is matched by volatilization out of the water body.  This specified
air concentration is an output of the atmospheric transport model.


� The rate of contaminant burial in bed sediments is estimated as a function of the rate at which
biotic and abiotic solids deposit from the water column onto the surficial sediment layer minus
the rate at which they resuspend to the water column.  Burial represents a permanent sink of
eroded soil and mercury concentrations scavenged from the water column. 


� Separate transformation rate constants allow for the calculation of mercury component fractions
in the water column and benthic sediments.


In the following sections, the mass balance equations and the equilibrium state equations that
link the concentrations are developed.


4.4.3.1 The Water Body Equations


Given the loading of mercury from atmospheric deposition and the surrounding watershed, the
following mass balance equations govern the concentration response in the water column and surficial
benthic sediment layer of a shallow lake:


where: 







Rsw �


Esw � Aw � �bs


zb


Cis � Ciw � CiB
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C = total water column concentration (mg/L)wt


C  = total benthic concentration (mg/L)bt


C  = dissolved water column concentration (mg/L)dw


C  = dissolved benthic concentration (mg/L)db


C  = particulate abiotic water column concentration (mg/L)sw


C  = particulate biotic water column concentration (mg/L)bw


C = particulate (sorbed) benthic concentration (mg/L) sb


C  = atmospheric concentration (�g/m ) a
3


V  = water column volume (m )w
3


V  = benthic volume (m )b
3


L  = total loading (g/year)T


Vf  = dilution flow (m /year)x
3


R  = pore water diffusion volume (m /year)sw
3


A  = surface area (m )w
2


v  = settling velocity for abiotic solids (m/year)s


v  = settling velocity for biotic solids (m/year)sB


v  = resuspension velocity (m/year)rs


v  = burial velocity (m/year) b


S  = net transformation source in the water column (g/yr)wt


S  = net transformation source in the benthic sediment layer (g/yr)bt


The pore water diffusion volume is calculated as:


where:
E = pore water diffusion coefficient (m /year)sw


2


� = benthic porosity (L /L)bs w


z = surficial benthic layer depth (m)b


The first term in the water column mass balance equation describes external loading, while the
second term describes advective export.  The third term covers net pore water exchange with the surficial
benthic layer, and is also present in the benthic sediment equation.  The fourth term gives net deposition
of particulate mercury, including settling of abiotic and biotic solids and resuspension of benthic solids. 
These processes are also represented in the benthic sediment equation.  The fifth term in the water
column equation gives the net internal transformation source, while the last term gives the net
volatilization loss.


The benthic sediment mass balance equation contains terms for pore water exchange, internal
transformation source, and net solids transport, which includes deposition, resuspension, and burial.


These basic equations are applied to three interacting mercury components.  For each component
�i� in the water column, three phases in local equilibrium are calculated -- aqueous phase (C , mg/L),iw 


abiotic solid phase (C , �g/g), and biotic solid phase (C , �g/g):is iB







kwr kbr


Cwt,1 � Cwt,2 Cbt,1 � Cbt,2


kwo kbo


kwdm kbdm


Cwt,2 � Cwt,3 Cbt,2 � Cbt,3


kwm kbm


Cwt,3 � Cwt,1 Cbt,3 � Cbt,1


kwmd kbmd
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In the sediments, two phases in local equilibrium are calculated -- aqueous pore water phase (C , mg/L)db


and sediment phase (C , �g/g).  The fraction of each component �i� in each phase -- f , f , and f  insb dw,i sw,i Bw,i


the water column and f  and f  in the sediments -- is calculated using partition coefficients anddb,i sb,i


properties of the solids and sediment, as described in a section below.


The three mercury components are linked by a set of first-order transformation reactions,
including oxidation of total elemental mercury, reduction and methylation of total divalent mercury, and
demethylation of total methyl mercury by two pathways:


where: 
kw = water column oxidation rate constant (yr )o 


-1


kb  = benthic oxidation rate constant (yr )o
-1


kw  = water column reduction rate constant (yr )r
-1


kb  = benthic reduction rate constant (yr )r
-1


kw  = water column methylation rate constant (yr )m
-1


kb  = benthic methylation rate constant (yr )m
-1


kw  = water column demethylation rate constant (yr )dm
-1


kb  = benthic demethylation rate constant (yr )dm
-1


kw  = water column mer cleavage demethylation rate constant (yr )md
-1


kb  = benthic mer cleavage demethylation rate constant (yr )md
-1


Each of these rate constants is a function of environmental conditions. Their values are specified as input
to the IEM-2M model.


Each mercury component is also subject to a set of transport processes, including advective
export of all phases in the water column, volatilization and pore water exchange of dissolved phase, and
settling, resuspension, and burial of particulate phase.  These are modeled as first-order processes as
described in the general water column and benthic sediment mass balance equations above. 
Volatilization is modeled as a surficial �thin-film� exchange process in which the dissolved concentration
in the water column is driven toward equilibrium with the atmosphere:







Vw dCw,i


d t
�volatilization � Kv,i � Aw � Cdw,i �


Ca,i � 10�6


Hi/RTK


Vw � dCwt,1


dt
� LT1 � Vs� (ksRO� kse) �Cs1 � kwr �Vw �Cwt,2 � kwmd�Vw �Cwt,3


� Vfx � Rsw� fdw,1 � (kwv,1� kwo) �Vw � (vs� fsw,1� vsB� fBw,1) �Aw �Cwt,1


� Rsw� (fdb,1/�bs) � vrs � fsb,1�Aw �Cbt,1


Vw � dCwt,2


dt
� LT2 � Vs� (ksRO� kse) �Cs2 � kwo �Vw �Cwt,1 � kwdm�Vw �Cwt,3


� Vfx � Rsw� fdw,2 � (kwr � kwm) �Vw � (vs� fsw,2� vsB� fBw,2) �Aw �Cwt,2


� Rsw� (fdb,2/�bs) � vrs � fsb,2�Aw �Cbt,2


Vw � dCwt,3


dt
� LT3 � Vs� (ksRO� kse) �Cs3 � kwm �Vw �Cwt,2


� Vfx � Rsw� fdw,3 � (kwv,3� kwmd� kwdm) �Vw � (vs� fsw,3� vsB� fBw,3) �Aw �Cwt,3


� Rsw� (fdb,3/�bs) � vrs � fsb,3�Aw �Cbt,3
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where: 
K  = conductivity of component �i� through the air-water interface (m/yr)v,i


H  = Henry’s Law constant for component �i� (m -atm/mole)i
3


R = Universal Gas constant (atm-m /mole-�K)3


T  = water temperature (�K)K


C = component �i�, vapor phase air concentration (µg/m )a,i
3


For modeling purposes, it is convenient to divide this process into a diffusive loading term and a first-
order loss term, where kw  is the volatilization loss rate constant (yr ).  These terms are developed inv,i


-1


the sections below.


Using the calculated phase fractions, six differential equations for the three mercury components
in water column and sediments can be expressed in their mass balance form, grouping constants and
model parameters within brackets:







Vb � dCbt,1


dt
� Rsw� fdw,1 � (vs� fsw,1� vsB� fBw,1) �Aw �Cwt,1 � kbr �Vb �Cbt,2


� kbmd�Vb �Cbt,3 � Rsw� (fdb,1/�bs) � (vrs � vb) � fsb,1�Aw � (kbo) �Vb �Cbt,1


Vb � dCbt,2


dt
� Rsw� fdw,2 � (vs� fsw,2� vsB� fBw,2) �Aw �Cwt,2 � kbo�Vb � Cbt,1


� kbdm�Vb �Cbt,3 � Rsw� (fdb,2/�bs) � (vrs � vb) � fsb,2�Aw � (kbr � kbm) �Vb �Cbt,2


Vb � dCbt,3


dt
� Rsw� fdw,3 � (vs� fsw,3� vsB� fBw,3) �Aw �Cwt,3 � kbm�Vb � Cbt,2


� Rsw� (fdb,3/�bs) � (vrs � vb) � fsb,3�Aw � (kbmd� kbdm) �Vb �Cbt,3


Vw � dSw


d t
� � LSe�As�103


� Vfx � vs�Aw �Sw � vrs �Aw �SB


Vw � dSBio


d t
� � LSB�Aw � Vfx � kmort�Vw � vsB�Aw �SBio


Vb � dSB


d t
� � vs�Sw � vsB�SBio �Aw � (vrs � vmin � vb) �Aw �SB
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Combined with the soil mercury equations expressed in the previous section, there are nine mass
balance differential equations to solve for nine state variables -- elemental, divalent, and methyl mercury
in the soil, water column, and benthic sediments. These differential equations have constant parameters
and can be solved for specified time intervals using a standard ODE solver.  The following sections
describe how the model parameters in the water body differential equations are calculated or specified.


4.4.3.2 The Solids Balance Equations


The abiotic and biotic solids must be modeled in order to predict the dissolved and particulate
mercury fractions.  These determine the amount of mercury lost through deposition and burial, and also
influence the bioavailability of methyl mercury in the water column.  The differential equations
describing the fate of watershed-derived solids in the water column (S ), internally-generated bioticw


solids in the water column (S ), and total solids in the benthic sediments (S ) are given by:Bio B







Sw �


LSe�As�103
� vrs�Aw�SB


Vfx � vs�Aw


SBio �


LSB�Aw


Vfx � kmort�Vw � vsB�Aw


vB �


vs�Sw � vsB�SBio� (vrs � vmin) �SB


SB


LT,i � LDep,i � LRI,i � LR,i � LE,i � LDif,i
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where: 
L  = watershed solids erosion load (kg/m -yr)Se


2


L  = net internal production of biotic solids (g/m -year)SB
2


k  = phytoplankton mortality rate (yr )mort
-1


v  = mineralization rate for upper benthic solids (m/year)min


For long-term average calculations using average watershed loading and waterbody productivity, S  ,w


S , and S  can be assumed to be at steady-state.  If S , v , v , v , and k  are specified, then the waterBio B B s sB rs mort


column solids concentrations and the burial velocity can be calculated from:


4.4.3.3 Loads to the Water Body


The total chemical load term L  in the mass balance equation is the sum of the loadings for eachT


component "i."  Component loadings included wet and dry deposition, impervious and pervious runoff,
erosion, and atmospheric diffusion:


where:
L = total component "i" load to the water body (g/yr)T,i


L = deposition of particle bound component "i" (g/yr)Dep,i


L = runoff load from impervious surfaces (g/yr)RI,i


L = runoff load from pervious surfaces (g/yr)R,i


L = soil erosion load (g/yr)E,i


L = diffusion load for vapor phase component "i" (g/yr)Dif,i


The runoff and erosion loads required estimation of average contaminant concentration in
watershed soils that comprise the depositional area.  These concentrations were developed in terrestrial
sections above.


Load due to direct deposition -- The load to surface waters via direct deposition is solved as follows:







LDep,i � (Dyds,i � Dyws,i) � Aw


LRI,i � (Dyww,i � Dydw,i) � AI


LR,i � ksRO,i � Vs � Csi


LE,i � kse,i � Vs � Csi


4-41 


where:
L = direct component "i" deposition load (g/yr)Dep,i


D = yearly dry deposition rate of component "i" onto surface water body (gyds,i


pollutant/m -yr)2


D = yearly wet deposition rate of component "i" onto surface water body (gyws,i


pollutant/m -yr)2


A = water body area (m )w
2


Load due to impervious surface runoff -- A fraction of the wet and dry chemical deposition in the
watershed will be to impervious surfaces.  Dry deposition may accumulate and be washed off during rain
events.  If the impervious surface includes gutters, the pollutant load will be transported to surface
waters, bypassing the watershed soils.  The average load from such impervious surfaces is given by this
equation:


where:
L = impervious surface runoff load for component "i" (g/yr)RI,i


A = impervious watershed area receiving pollutant deposition (m )I
2


D = yearly wet deposition flux of component "i" onto the watershed (g/m -yr)yww,i
2


D = yearly dry deposition flux of component "i" onto the watershed (g/m -yr)ydw,i
2


Load due to pervious surface runoff -- Most of the chemical deposition to a watershed will be to
pervious soil surfaces.  These loads are accounted for in the soil mass balance equation.  During periodic
runoff events, dissolved chemical concentrations in the soil are transported to surface waters as given by
this equation:


where:
L = pervious surface runoff load for component "i" (g/yr)R,i


ks = soil runoff rate constant for component �i� (yr )RO,i
-1


C = component "i" concentration in watershed soils (g/m )si
3


V = volume of pervious soil layer = A  � z  (m )s s s
3


A = surface area of pervious soil layer = WA  - WA  (m )s L I
2


WA = total watershed area receiving pollutant deposition (m )L
2


WA = impervious watershed area receiving pollutant deposition (m )I
2


z = depth of surface soil layer (m)s


Load due to soil erosion -- During periodic erosion events, particulate chemical concentrations in the
soil are transported to surface waters as described by this relationship:


where:
L = soil erosion load for component "i" (g/yr)E,i







LDif,i � Kv,i � Aw �
Ca,i � 10�6


Hi/RTK


fdw,i �
1


1 � Kdw,i �Sw�10�6
� KBio,i �SBio�10�6


fsw,i �
Kdw,i �Sw�10�6


1 � Kdw,i �Sw�10�6
� KBio,i �SBio�10�6


fBw,i �
KBio,i �SBio�10�6


1 � Kdw,i �Sw�10�6
� KBio,i �SBio�10�6
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ks = soil erosion loss rate constant for component �i� (yr )e,i
-1


Load due to gaseous diffusion -- The volatilization equation presented above is divided into a diffusive
loading term and a loss term in IEM-2M.  The diffusive loading term is given by:


where:
L = diffusive loading rate for component "i" (g/yr)Dif,i


K = overall transfer rate, or conductivity for component "i" (m/yr)v,i


A = surface area of water body (m )w
2


C = component "i" vapor phase air concentration over water body (µg/m )a,i
3


H = component "i" Henry's Constant (atm-m /mole)i
3


R = universal gas constant, 8.206·10  atm-m /mole-�K-5 3


T = water body temperature (�K)K


10 = units conversion factor (g/µg)-6


This treatment of volatilization is based on the well-known two-film theory (Whitman, 1923), as
implemented in standard chemical fate models (Burns, et al., 1982, Ambrose, et al., 1988).  The
equations for K  are presented in the volatilization loss section below.v,i


4.4.3.4 Equilibrium Speciation Reactions


In the previous methodology, all mercury components and phases were assumed to be in
equilibrium.  The equations presented here drop the assumption of equilibrium among components and
between water column and underlying sediments.  For each mercury component, the fractions in the
aqueous phase and on the particulate phases are calculated for the water column and for the benthic
sediments from partition coefficients, solids concentrations, and porosities:







fdb,i �
�bs


�bs � Kdb,i �Sb�10�6


fsb,i �
Kdb,i �Sb�10�6


�bs � Kdb,i �Sb�10�6
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where:
f = aqueous phase fraction for component “i” in the water columndw,i


f  = aqueous phase fractions for component “i” in the benthic sedimentsdb,i


f  = abiotic particulate fraction in the water columnsw,i


 f  = biotic particulate fraction in the water columnBw,i


f  = particulate fraction in the sedimentssb,i


S  = abiotic solids concentration in the water column (g/m )w
3


S  = biotic solids concentration in the water column  (g/m )Bio
3


S  = solids concentration (dry density) in  the benthic sediments (g/m )b
3


K = partition coefficient for abiotic solids in the water column (L /kg )dws,i w s


K  = partition coefficient for biotic solids in the water column (L /kg )Bio w Bio


K = partition coefficient for benthic solids (L /kg )db,i w s


�  = porosity of the upper sediment bed (L /L).bs w


4.4.3.5 Transformation Processes in the Water Body


As described above, five transformation reactions are modeled as first-order rates.  Rate
constants are directly specified and applied to the bulk concentration (all phases) in the water column and
in the benthic sediments to give internal mass transformation loadings.  The oxidation loadings --
kw �V �C  in the water column and  kb�V �C  in the sediments -- are subtracted from the Hg  masso w wt,1 o b bt,1


0


balance equations and added to the HgII equations.  The reduction loadings, kw�V �C  and kb�V �C ,r w wt,2 r b bt,2


are subtracted from the HgII equations and added to the Hg  equations.  The methylation loadings,0


kw �V �C  and kb�V �C , are subtracted from the HgII equations and added to the MHg equations. m w wt,2 m b bt,2


The demethylation loadings, kw�V �C  and kb �V �C , are subtracted from the MHg equations anddm w wt,3 dm b bt,3


added to the HgII equations.  Finally, the mer demethylation loadings, kw�V �C  and kb �V �C , aremd w wt,3 md b bt,3


subtracted from the MHg equations and added to the Hg  equations.0


While the transformation rate constants are specified as input to the IEM-2M model, it is
understood that their values may be affected by several environmental properties, including pH, DOC,
anoxia, sulfate concentrations, and water clarity.  Many of these dependencies are under investigation by
the scientific community; some are built into the Regional Mercury Cycling Model (R-MCM).  It was
decided not to program the environmental rate dependencies into the IEM-2M, but rather to require their
consideration external to the model.  The rate dependencies and values for the rate constants are iscussed
in Appendix B, with citations to the current scientific literature.  A qualitative summary is given here.







Rsw � fdw,i �Cwt,i � (fdb,i /�bs) �Cbt,i


Rsw �


Esw � Aw � �bs


zb


� 3.15×107
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Low pH conditions should favor oxidation of Hg , while high pH conditions should favor0


reduction of HgII.  Lower pH, then, should lead to lower volatilization loss and higher levels of HgII that
can be methylated.  Reduction and demethylation in the water column appear to be mediated by sunlight. 
Low water clarity due to high concentrations of DOC and solids should lead to slower reduction and
subsequent volatilization loss, and higher levels of total and methyl mercury. Methylation is mediated by
anaerobic bacteria, predominantly sulfate reducers. Anoxic conditions and moderate concentrations of
sulfate should lead to more rapid methylation.  DOC affects mercury in several ways.  High levels of
DOC compete with solids in complexing HgII and MHg, thus promoting more mobility of these
components from the benthic sediments to the water column.  The DOC-complexed mercury does not
volatilize, further promoting higher levels of mercury in the water column.  Other reactions, however,
may also be retarded by DOC complexation, including bioaccumulation in the aquatic food web.


4.4.3.6 Transport and Transfer Processes in the Water Body


Mercury components are transferred between the water column and benthic sediment
compartments of a water body through pore water diffusion, solids deposition, and resuspension.  They
are lost from the water body due to advection, burial, and volatilization.


Advection -- Advective flow from the water body removes all phases of component �i� at a rate
proportional to the average volumetric flow rate, Vf , and the water column concentration C . Anx wt,i


impacted water body derives its annual flow from its watershed or effective drainage area.  Flow and
watershed area, then, are related, and compatible values should be specified by the user.  Given the area
of drainage, one way to estimate annual flow volume is to multiply total drainage area (in length squared
units) by a unit surface water runoff (in length per time).  The Water Atlas of the United States (Geraghty
et al., 1973) provides maps with isolines of annual average surface water runoff, which is defined as all
flow contributions to surface water bodies, including direct runoff, shallow interflow, and groundwater
recharge.  The values ranged from 5 to 40 in/yr (0.13 to 1.0 m/yr) in various parts of the United States.


Pore Water Diffusion -- Pore water diffusion exchanges dissolved constituents between the water
column and the benthic sediments.  As expressed in the mass balance equations above, this exchange is
the product of the pore water diffusive volume and the dissolved phase concentration gradient between
the pore water and the water column:


where:
R = pore water diffusive volume (m /yr)sw


3


� = benthic porosity (L /L)bs w


The diffusive volume is calculated from the pore water diffusion coefficient:


where:
E = pore water diffusion coefficient (m /sec)sw


2


A = water body surface area (m )w
2


� = benthic porosity (L /L)bs w







vs � Aw � fsw,i � Cwt,i � vsB � Aw � fBw,i � Cwt,i


vrs � Aw � fsb,i � Cbt,i


vb � Aw � fsb,i � Cbt,i
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z = benthic layer depth, taken as the characteristic mixing length (m)b


    3.15×10 = units conversion factor (sec/yr)7


The product A��  represents the cross-sectional area within the sediment layer through which diffusionw bs


occurs.


Solids Movement -- The sorbed fraction of component �i� moves at the same velocity as its particulate
carrier.  The solids balance equations include the processes of abiotic and biotic deposition,
resuspension, and burial. As expressed in the mercury mass balance equations above, abiotic and biotic
deposition is the product of the solids deposition velocity, the particulate phase concentrations in the
water column, and the surface area:


where:
A = water body surface area (m )w


2


v = abiotic solids deposition velocity (m/yr)s


v = biotic solids deposition velocity (m/yr)sB


C = total component �i� concentration (g/m )wt,i
3


f = fraction of component �i� concentration sorbed to abiotic solidssw,i


f = fraction of component �i� concentration sorbed to biotic solidsBw,i


In a similar manner, resuspension is the product of the sediment resuspension velocity, the
particulate phase concentration in the sediments, and the surface area:


where:
A = water body surface area (m )w


2


v = sediment resuspension velocity (m/yr)rs


C = total component �i� concentration in the sediment (g/m )bt,i
3


f = fraction of component �i� concentration sorbed to sediment solidssb,i


Finally, burial is the product of the sediment burial velocity, the particulate phase concentration in the
sediments, and the surface area:


where:
A = water body surface area (m )w


2


v = sediment burial velocity (m/yr)b


C = total component �i� concentration in the sediment (g/m )bt,i
3


f = fraction of component �i� concentration sorbed to sediment solidssb,i







Kv,i � Aw � Cdw,i �
Kv,i


zw


� Vw � fdw,i � Cwt,i


kwv,i �
Kv,i � fdw,i


zw


Kv,i � (RL,i � RG,i)
�1


� K �1
L,i � KG,i


Hi


R TK


�1 �1
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Volatilization -- The volatilization equation presented above is divided into a diffusive loading term and
a loss term in IEM-2M.  The volatilization loss term is given by:


where:
K = overall transfer rate, or conductivity for component �i� (m/yr)v,i


A = surface area of water body (m )w
2


z = depth of water column (m)w


V = volume of water column (m )w
3


C = dissolved concentration of component �i� in water column (g/m )dw,i
3


f = dissolved fraction of component �i� in water columndw,i


C = total concentration of component �i� in water column (g/m )wt,i
3


From this equation, the rate constant for volatilization loss used in the mass balance equation can be
derived:


where:
kw = water column volatilization loss rate constant for component �i� (yr )v,i


-1


K = overall transfer rate, or conductivity for component �i� (m/yr)v,i


f = fraction of component �i� in the water column that is dissolveddw,i


z = water body depth (m)w


The overall transfer rate, K  or conductivity, was determined by the two-layer resistance modelv,i


(Whitman, 1923; or see Burns, et al., 1982 or Ambrose, et al., 1988).  The two-resistance method
assumes that two �stagnant films� at the air-water interface are bounded on either side by well mixed
compartments.  Concentration differences serve as the driving force for the water layer diffusion. 
Pressure differences drive the diffusion for the air layer.  From mass balance considerations, it is obvious
that the same mass must pass through both films; thus, the two resistances combine in series, so that the
conductivity is the reciprocal of the total resistance:


where:
R = liquid phase resistance (year/m)L,i


K = liquid phase transfer coefficient (m/year)L,i


R = gas phase resistance (year/m)G,i


K = gas phase transfer coefficient (m/year)G,i


R = universal gas constant (atm-m /mole-�K) 3


H = Henry's law constant for component "i" (atm-m /mole)i
 3







Kv,i,T � Kv,i,20 � (T�20)


KL,i � u�


�a


�w


0.5
k 0.33


�2


Sc�0.67
w,i (3.15x107)


KG,i � u�
k 0.33


�2


Sc�0.67
a,i (3.15x107)


u�


� Cd
0.5 W


Sca,i �
µa


�a Da,i


�


�a


Da,i
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T = water body temperature (�K)K


The value of K , the conductivity, depends on the intensity of turbulence in a water body and inv,i


the overlying atmosphere.  As the Henry's Law constant increases, the conductivity tends to be
increasingly influenced by the intensity of turbulence in water.  As the Henry's Law constant decreases,
the value of the conductivity tends to be increasingly influenced by the intensity of atmospheric
turbulence.


Because Henry's Law constant generally increases with increasing vapor pressure of a compound
and generally decreases with increasing solubility of a compound, highly volatile low solubility
compounds are most likely to exhibit mass transfer limitations in water, and relatively nonvolatile high
solubility compounds are more likely to exhibit mass transfer limitations in the air.  Volatilization is
usually of relatively less magnitude in lakes and reservoirs than in rivers and streams.


The estimated volatilization rate constant was for a nominal temperature of 20 �C.  It is adjusted
for the actual water temperature using the equation:


where:
� = temperature correction factor, set to 1.026.
T = water body temperature (�C)


      There have been a variety of methods proposed to compute the liquid (K ) and gas phase (K )L,i G,i


transfer coefficients.  For a stagnant system, the transfer coefficients are controlled by wind-induced
turbulence.  For stagnant systems, the liquid film transfer coefficient (K ) is computed using theL,i


O'Connor (1983) equations:


where:







Da,i �
1.9


MW2/3
i


�a � (1.32 � 0.009 Ta) × 10�1


Scw,i �
µw


�w Dw,i


Dw,i �
22×10�5


MW2/3
i


�w � 1 � 8.8×10�5 Tw


log(µw) �


1301


998.333� 8.1855(Tw�20) � 0.00585(Tw�20)2
� 3.0233
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and:
u = shear velocity (m/s)*


C = drag coefficient (= 0.0011)d


W = wind velocity, 10 m above water surface (m/s)
� = density of air corresponding to the air temperature (g/cm )a


 3


� = density of water corresponding to the water temperature (g/cm )w
 3


k = von Karman's constant (= 0.4)
� = dimensionless viscous sublayer thickness (= 4)2


Sc = air Schmidt number for component "i" (dimensionless)a,i


Sc = water Schmidt number for component "i" (dimensionless)w,i


D = diffusivity of component "i" in air (cm /sec)a,i
 2


D = diffusivity of component "i" in water (cm /sec)w,i
 2


µ = viscosity of air corresponding to the air temperature (g/cm-s)a


µ = viscosity of water corresponding to the water temperature (g/cm-s)w


� = dynamic viscosity of air (cm /sec)a
2


MW = molecular weight of component "i"i


T = air temperature (�C)a


T = water temperature (�C)w


       3.15x10 = units conversion factor (sec/yr)7
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5. ATMOSPHERIC FATE AND TRANSPORT MODELING RESULTS


This chapter summarizes the results of the atmospheric fate and transport modeling of mercury
using the long-range and local models.


5.1 Long-Range Atmospheric Fate/Transport Modeling


5.1.1 Mass Balances of Mercury within the Long-Range Model Domain


The general mass balance of elemental mercury gas, divalent mercury gas, and particle-bound
mercury from the RELMAP simulation results using the assumed emission speciation profiles are shown
in Table 5-1.  The mass-balance accounting for the simulation using the meteorological data from the
year 1989 shows a total of 141.8 metric tons of mercury emitted to the atmosphere from anthropogenic
sources.  This simulated emission total differs slightly from the national totals indicated in Volume II
since the states of Alaska and Hawaii are not within the model domain.  The RELMAP simulation
indicates that 47.6 metric tons of anthropogenic mercury emissions are deposited within the model
domain and 0.4 metric tons remain in the air within the model domain at the end of the simulation.  The
remainder, about 93.8 metric tons, is transported outside the model domain and probably diffuses into the
global atmospheric reservoir.  The simulation also shows 32.0 metric tons of mercury is deposited within
the model domain from the global atmospheric reservoir, suggesting that about three times as much
mercury is being added to the global reservoir as is being deposited from it.  The total amount of mercury
deposited in the model domain annually from U.S. anthropogenic emissions and from the global
background concentration is estimated to be 79.6 metric tons, or slightly more than one-half of the mass
of all atmospheric emissions from anthropogenic sources in the lower 48 United States.


Table 5-1
Mercury Mass Budget in Metric Tons from RELMAP Simulation


Source/Fate Hg Hg Hg0 a 2+ b
p 


c Total
Mercury


Total U.S. anthropogenic emissions 63.5 52.3 26.0 141.8
Mass advected from model domain 62.3 15.5 16.0 93.8
Dry deposited anthropogenic emissions 0.0 22.9 0.5 23.4
Wet deposited anthropogenic emissions 0.9 13.8 9.5 24.2
Remaining in air at end of simulation 0.3 <0.1 <0.1 0.4


Total deposited anthropogenic emissions 0.9 36.8 10.0 47.6
Deposition from background Hg 32.0 - - 32.00


Mercury deposited from all sources 32.9 36.8 10.0 79.6


(All figures rounded to the nearest tenth of a metric ton)


 Hg   = Elemental Mercurya 0


 Hg  = Divalent Vapor-phase Mercuryb 2+


 Hg   = Particle-Bound/Mercuryc
p
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A variety of emission speciation profiles have been tested for all source types in the RELMAP
mercury model to evaluate the model's sensitivity to the assumed chemical and physical forms of the
mercury air emissions (Bullock et al., 1997b).  The results of this study showed a strong positive
correlation between the fraction of emissions in Hg  and Hg  forms and total simulated wet deposition. 2+


P


A specific alternate speciation has been tested using the RELMAP where all Hg  emissions were2+


assumed to convert to the particulate form (Bullock et al., 1997a).  The results of this simulation showed
that the total mass of mercury deposited in all forms was reduced by 40% compared to the base-case
simulation.  It is generally known that gaseous Hg  can adsorb to the surface of particulate matter,2+


especially carbon soot.  However, there exists no evidence of complete conversion to the particulate
form.  This case of complete Hg -to-Hg  transfer was modeled only as a sensitivity test for the2+


P


RELMAP mercury model.  There remains considerable uncertainty about the actual speciation of
atmospheric mercury emissions from most anthropogenic sources.  As current studies of this subject
progress, our confidence in the results of atmospheric model simulations will increase.  Based on the
results in Bullock et al. (1997a), we estimate an emission speciation modeling uncertainty of +/- 40% for
RELMAP-derived mass balance estimates.


Of the total anthropogenic mercury mass deposited to the surface in the model domain, 77% is
estimated by the RELMAP simulation to come from Hg  emissions, 21% from Hg  emissions and 2%2+


P


from Hg  emissions.  When the deposition of Hg  from the global background is considered in addition0 0


to anthropogenic sources in the lower 48 states, the species fractions of total deposition become 46%
Hg , 41% Hg  and 13% Hg .  The vast majority of mercury already in the global atmosphere is in the2+ 0


P


form of Hg  and, in general, the anthropogenic Hg  emissions do not greatly increase the existing Hg0 0 0


concentration.  Although Hg  is removed from the atmosphere very slowly, the global background0


reservoir is large and total deposition from it is significant.  It should be noted here that dry deposition of
Hg  is thought to be significant only on the local scale and has not been included in the RELMAP0


simulations.  Wet deposition is the only major pathway for removal of Hg  from the atmosphere.  This0


removal pathway simulated by the RELMAP involves oxidation of mercury by ozone in an aqueous
solution; thus, the Hg  that is extracted from the atmosphere by the modeled precipitation process would0


actually be deposited primarily in the form of Hg .2+


Results from the RELMAP simulation show that of the 63.5 metric tons of anthropogenic Hg0


emitted in the lower 48 states, only 0.9 tons (1.4%) is deposited within the model domain, while of the
52.3 metric tons of Hg  emitted, about 36.8 tons (70.4%) is deposited.  Ninety-eight percent of the2+


deposited anthropogenic mercury was emitted in the form of Hg  or Hg .  Thus, a strong argument can2+
P


be made that the combined Hg  and Hg  component of anthropogenic mercury emissions can be used as2+
P


an indicator of eventual deposition of those emissions to the lower 48 states and surrounding areas.  The
emission inventory and estimated chemical/physical speciation profiles indicate that of all combined
Hg  and Hg  emissions, 29% is from electric utility boilers, 25% is from municipal waste combustion,2+


P


18% is from medical waste incineration, 16% is from commercial and industrial boilers, and 12% is from
all other modeled sources.


5.1.2 Qualitative Description of Mercury Concentration Results


Average surface-level concentration fields for elemental mercury, divalent mercury, and
particulate mercury have been calculated from the RELMAP simulation using the meteorological data
for the year 1989 and current air emission estimates.  Figure 5-1 shows the annual average elemental
mercury (Hg ) concentration at ground level from anthropogenic sources obtained by using the  source-0


based emission speciation profiles described in chapter 4, section 2.  It shows that anthropogenic Hg0
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concentrations remain less than 0.1 ng/m  over nearly all of the modeled area.  The areas where the3


average anthropogenic Hg  concentrations exceed 0.1 ng/m  are mostly confined to the highly0 3


industrialized regions of the eastern Mid-west and the North-east.  Compared to the estimated average
global background concentration of 1.6 ng/m , this 0.1 ng/m  elevation of Hg  concentration by3 3 0


anthropogenic emissions is rather small.  


Figure 5-2 shows annual average divalent mercury vapor (Hg ) air concentrations, also using the2+


base case emissions.  These values are significantly lower than for anthropogenic Hg , and there are0


some new areas of higher concentration.  The highest concentration areas have values from 0.05 to 0.1
ng/m  and are mostly confined to the Midwest and the Northeast corridor, but two high concentration3


areas are also located near Tampa and Miami, Florida.  The background atmospheric mercury loading is
assumed to be completely in the elemental form, so there is no background contribution to the Hg2+


concentrations.  In most areas, the anthropogenic component of the Hg  concentrations shown in Figure0


5-1 are at least 4 times higher than the Hg  concentrations shown in Figure 5-2.  For the assumed2+


emission speciation, Hg  vapor is a minor component of the total mercury emissions from some source2+


types, but it is a significant part of the total mercury emissions from most waste incineration (60%) and
fossil fuel combustion (30%).  Since the total Hg  emissions are similar to those for Hg , these much2+ 0


lower average annual Hg  concentrations cannot be attributed to the emissions.  The lower simulated air2+


concentrations of Hg  vapor are due to its more rapid removal from the atmosphere than for Hg .2+ 0


The RELMAP Hg  and Hg  air concentration results taken together with the assumed0 2+


background Hg  concentration of 1.6 ng/m  agree well with observations of vapor-phase Hg air0 3


concentration in Minnesota by Fitzgerald et al. (1991), in Vermont by Burke et al. (1995) and in
Wisconsin by Lamborg et al. (1995).  These works showed that annual average vapor-phase Hg
concentrations were near the levels found over other remote locations in the northern hemisphere, from
1.6 to 2.0 ng/m .  Measurements taken for a two-week period at three sites in Broward County, Florida,3


(Dvonch et al., 1995) show slightly elevated vapor-phase Hg air concentrations for two of those sites
downwind of industrial activities.  These two sites had average vapor-phase Hg air concentrations of 3.3
and 2.8 ng/m .  The RELMAP simulation results for the Fort Lauderdale area show only about a 0.13


ng/m  elevation of the annual average vapor-phase Hg (Hg  plus Hg ) concentration over the 1.6 ng/m3 0 2+ 3


background value assumed.  The measurements of Dvonch et al. (1995), however, did not extend for a
significant portion of the year and there was no discrimination between Hg  and Hg  forms.  The third0 2+


site for their observations had an average vapor-phase air concentration of 1.8 ng/m , which is much3


closer to the RELMAP simulation results.  A more comprehensive air monitoring program is required
before an evaluation of the RELMAP results in Florida can be performed. 


Particulate mercury (Hg ) emissions are thought to be a small fraction of the total for mostP


source types.  For the base-case emission speciation, 20% is the largest particulate fraction of mercury
emissions for any source type.  Figure 5-3 shows that the simulated annual average Hg  concentrationsP


were even lower than those for Hg  vapor.  The maximum annual average values are around 50 pg/m2+ 3


(0.05 ng/m ) in the urban centers of the Northeast.  Keeler et al. (1995) found instantaneous Hg3
P


concentrations in urban Detroit during March of 1992 of over 1 ng/m  and average concentrations over3


an 18-day period of 94 pg/m .  Given the 40-km horizontal scale of the RELMAP computational grid,3


however, one cannot expect the simulation to reflect these extreme local-scale measurement results.  The
RELMAP simulation suggests an annual average Hg  concentration in the Detroit area of about 40P


pg/m .  Dvonch et al. (1995) found average Hg  concentrations in Broward County, Florida, of between3
P


34 and 51 pg/m  at three sites 3
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from 25 August to 7 September of 1993.  The RELMAP simulation resulted in a value of around 25
pg/m  near the city of Fort Lauderdale.  Keeler et al. (1995) found annual average Hg  air concentrations3


P


of 10.5 pg/m  in Pellston, Michigan, 22.4 pg/m  in South Haven, Michigan, and 21.9 pg/m  in Ann3 3 3


Arbor, Michigan, from April 1993 to April 1994, and 11.2 pg/m  in Underhill, Vermont, for the year of3


1993.  The RELMAP simulation showed 8.0 pg/m  for Pellston, Michigan, 15.2 pg/m  in South Haven,3 3


Michigan, 21.2 pg/m  in Ann Arbor, Michigan, and 10.6 pg/m  in Underhill, Vermont, indicating a slight3 3


tendency of the model to under-estimate particulate mercury air concentrations in these locations, but by
no more than 25%.


Table 5-2 shows a percentile analysis of the simulated concentration results from the RELMAP
grid cells over the entire continental United States and for two subsets of this area east and west of 90 W�


longitude.  This table shows that the Hg  concentrations never exceeded the assumed background level of0


1.6 ng/m  by a large relative amount.  It also shows that Hg  and to a lesser degree Hg  air3 2+
P


concentrations were highly elevated in only a few grid cells.  Over the entire continental U.S., there is
nearly an order of magnitude difference between the modeled Hg  concentrations at the 90th percentile2+


level and those at the maximum level, with approximately a factor of 4 difference for Hg .P
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Table 5-2
Percentile Analysis of RELMAP Simulated Concentration Results 


for the Continental U. S.


Variable Min 10th 50th 90th Max


Full Area


Hg  concentration (ng/m ) 1.602 1.606 1.619 1.662 1.9030a 3


Hg  concentration (pg/m ) 0.101 0.329 1.825 9.144 72.712+b 3


Hg  concentration (pg/m ) 0.156 0.699 3.753 13.87 51.18P
c 3


Total mercury (ng/m ) 1.602 1.607 1.624 1.685 1.9953


East of 90 W longitude�


Hg  concentration (ng/m ) 1.612 1.629 1.651 1.687 1.9030a 3


Hg  concentration (pg/m ) 0.787 2.750 6.426 14.92 72.712+b 3


Hg  concentration (pg/m ) 2.789 6.324 10.89 19.29 51.18P
c 3


Total mercury (ng/m ) 1.616 1.640 1.668 1.720 1.9953


West of 90 W longitude�


Hg  concentration (ng/m ) 1.602 1.605 1.613 1.632 1.7020a 3


Hg  concentration (pg/m ) 0.101 0.271 1.100 3.481 26.952+b 3


Hg  concentration (pg/m ) 0.158 0.595 2.146 6.392 27.43P
c 3


Total mercury (ng/m ) 1.602 1.606 1.616 1.642 1.7433


 Hg   = Elemental Mercurya 0


 Hg  = Divalent Vapor-phase Mercuryb 2+


 Hg   = Particle-Bound/Mercuryc
p


5.1.3 Description of Mercury Wet Deposition Simulation Results


Figure 5-4 shows the total simulated wet deposition of Hg  from U. S. anthropogenic sources0


using the meteorological data for the year 1989 and current air emission estimates. Figure 5-5 shows the
total simulated wet deposition of Hg  assuming only a non-depleting global background concentration of0


1.6 ng/m .  Both of these wet deposition results are influenced by ozone and soot concentrations due to3


the chemical transformations modeled by the RELMAP.  Emission patterns influence the primary
anthropogenic Hg  wet deposition pattern, and it is obvious that total annual precipitation is a strong0


factor in wet deposition from the global background concentration with heaviest wet deposition in areas
with the
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highest annual precipitation.  It is widely accepted that deposition of measurable quantities of mercury
occurs on continental and global scales, and the RELMAP simulation shows areas of Hg  wet deposition0


occurring in remote areas.  The simulated annual wet deposition for Hg  vapor shown in Figure 5-62+


show high deposition areas that are much more local to the emission source areas.  There are a few
model cells in urban areas with wet deposition totals of Hg  vapor over 30 µg/m  while most of the cells2+ 2


in the non-urban areas have wet depositions of less than 3 µg/m .  This indicates the Hg  vapor wet2 2+


deposits more on the local scale and less on regional or global scales and that its wet removal from the
atmosphere is much more rapid than for Hg .  This is an expected result due to the higher water solubility0


of most mercuric salts compared to mercury in the elemental form.  Figure 5-7 shows that the maximum
simulated wet deposition of Hg  is about one-third of that for Hg  vapor.  This is partly due toP


2+


differences in the total mass of Hg  emitted compared to Hg , but it is also due to the less efficient wetP
2+


scavenging that is assumed for Hg  versus Hg .  The areas of Hg  wet deposition are also more widelyP P
2+


distributed than for Hg  due to the slower wet scavenging of Hg  and, thus, a greater opportunity for2+
P


long-range transport.


The simulated total wet deposition of mercury from anthropogenic emissions in all three forms
and from the global background is shown in Figure 5-8.  This illustration shows significant wet
deposition of mercury over most of the eastern half of the U.S.  For the simulated meteorological year of
1989, the entire eastern half of the nation has a wet deposition total of over 3 µg/m  and values exceed 102


µg/m  over most of the Ohio Valley and Northeast U.S.  In fact, the largest simulated wet deposition is2


slightly over 80 µg/m  in the grid cell containing New York City.  At this time, these highest wet2


deposition rates for total mercury cannot be substantiated by observations.  In the RELMAP simulation
the most impacted areas are subjected to wet deposition of mercury mainly from emissions of Hg2+


vapor.  It is likely that the RELMAP model for mercury may still be significantly incomplete, and that
other chemical and/or physical transformations may occur which moderate the wet deposition of Hg2+


vapor and possibly Hg .P


There exist only limited data with which to compare the RELMAP simulation results. 
Measurements of mercury wet deposition at three locations in northeastern Minnesota during 1989 by
Glass et al. (1991) indicated annual wet deposition rates of 6.5 µg/m  at Duluth, 13.5 µg/m  at Marcell2 2


and 41.9 µg/m  at Ely.  A later study by Sorensen et al. (1994) measuring annual wet deposition of2


mercury during 1990, 1991 and 1992 at Ely, Duluth and seven other sites in Minnesota, upper Michigan
and northeastern North Dakota found all annual wet deposition totals to be within the range of 3.8 to 9.7
µg/m , bringing into question the Ely observation of 41.9 µg/m  in 1989 by Glass et al. (1991). 2 2


Measurements by Fitzgerald et al. (1991) at Little Rock Lake, in northern Wisconsin, of mercury in snow
during February and March, 1989, and in rain from May to August, 1989, have been used to estimate
annual mercury depositions in rain and snow of 4.5 and 2.3 µg/m , respectively.  This suggests a total2


annual mercury wet deposition of 6.8 µg/m  at Little Rock Lake.  Measurements at Presque Isle, also in2


northern Wisconsin, from 1993 to 1994 by Lamborg et al. (1995) suggested a wet deposition rate for
total mercury of 5.2 µg/m /yr, somewhat less than the measurements by Fitzgerald et al. (1991).  The2


extremely heavy rainfall during the summer of 1993 in the mid-west states to the south and west of
Presque Isle may be responsible for the lower wet deposition.  The RELMAP simulation results using the
meteorological data for 1989 indicate around 4 µg/m  wet deposition of total mercury over northern2


Minnesota and 5 µg/m  wet deposition of total mercury over northern Wisconsin.  However, due to the2


varying years of observation, these data cannot be used to confidently evaluate the RELMAP model
performance for the 1989 simulation period.
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There were also some mercury wet deposition measurement programs conducted during the early
1990's in somewhat less remote sites in Michigan and Vermont.  Observations by Hoyer et al. (1995)
during two years of event precipitation sampling at three sites in Michigan show evidence for a north-to-
south gradient in mercury wet deposition.  From March 1992 to March 1993, the total mercury wet
deposition observed at South Haven, in southwest Michigan, was 9.45 µg/m .  At Pellston, in the2


northern part of the lower peninsula of Michigan, the wet deposition was 5.79 µg/m .  At Dexter, in2


southeast Michigan about 100 km west of Detroit, the wet deposition was 8.66 µg/m .  From March 19932


to March 1994, wet deposition at South Haven was 12.67 µg/m , significantly higher than for the2


previous year, while measurements at Pellston and Dexter remained about constant at 5.54 and 9.11
µg/m , respectively.  Hoyer et al. (1995) attribute the higher second-year wet deposition at South Haven2


to an increased precipitation rate and cite the measurements by Burke et al (1995) at Underhill, Vermont,
as further evidence of the importance of precipitation amount.  From December 1992 to December 1993,
the average volume-weighted mercury concentration at Underhill (8.3 ng/L) was similar to that observed
at Pellston (7.9 ng/L).  However, with more precipitation during that period the total mercury wet
deposition at Underhill was 9.26 µg/m , significantly higher than at Pellston.  The RELMAP simulation2


results show 6.63 µg/m  wet deposition of total mercury at the Pellston site, about 20% larger than the2


1992 to 1994 observations.  At Underhill, the RELMAP simulation indicates 11.86 µg/m  wet deposition,2


about 25% larger than the observation in 1993.  At the South Haven site, the RELMAP simulation
showed 11.57 µg/m  wet deposition of total mercury, which closely approximates the measurements2


taken there from 1992 to 1994.  At Dexter, the RELMAP simulation showed 12.84 µg/m  wet deposition2


of total mercury, about 40% above the observed values from 1992 to 1994.  Overall, this comparison
seems to indicate a slight tendency of the RELMAP mercury model to over-estimate wet deposition. 
However, one should not expect the RELMAP simulation using 1989 meteorology to exactly match
observed wet deposition values from 1992 to 1994 due to differences in annual precipitation from year to
year.  Nonetheless, the agreement between simulated and observed annual wet deposition of total
mercury provides some evidence that the most important atmospheric processes for deposition of
mercury in precipitation are being accounted for.


The very large total mercury wet deposition values (>30 µg/m ) from the RELMAP simulation2


for some of the larger urban centers in the Great Lakes, Ohio Valley and Northeast regions cannot be
evaluated thoroughly due to a lack of long-term precipitation event sampling at those locations.  A data
report recently obtained by EPA's Great Lakes National Program Office (Keeler, 1997) showed a total
mercury wet deposition of 30.3 µg/m  at the Illinois Institute of Technology in Chicago between July 1,2


1994 and October 31, 1995, a period of 16 months.  The 12-month RELMAP simulation produced 37.5
µg/m  at this location.  A study by Dvonch et al. (1995) describes precipitation event sampling from 192


August to 7 September of 1993 at 4 sites in Broward County, Florida, in and around the city of Fort
Lauderdale.  During the 20-day sampling period, total mercury mean concentrations in precipitation were
35, 57, 40 and 46 ng/L at the 4 sites.  Given the average annual precipitation of 150 cm per year typical
of that area, the resulting annual wet deposition estimates at these 4 sites would 52.5, 85.5, 60 and 69
µg/m .  Since most of the annual rainfall in Broward County occurs in warm tropical conditions of the2


March to October wet season, this extrapolation from 20 days during the wet season to an annual
estimate is not totally without basis.  However, additional urban measurement studies are required to
allow any credible evaluation of RELMAP wet deposition results in heavily populated, industrialized
area.


Observational mercury wet deposition data obtained over the World Wide Web from the
Mercury Deposition Network (Lindberg and Vermette, 1995; Vermette et al., 1995) have been used to
estimate 1989 mercury wet deposition totals for 12 locations in the eastern U. S.  Table 5-3 shows the
data obtained from the MDN transitional data set at 17 locations during 1994 and 1995.  Only those sites







5-16


with 50% or more data completeness were used to estimate 1989 wet deposition totals.  The observed
volume-weighted mercury concentration at the MDN site (ng/L) was multiplied by the total accumulated
precipitation depth (m) as modeled for 1989 at each location to obtain estimates of total wet deposition
of mercury during the 1989 simulation period (µg/m ).   These estimates of total 1989 mercury wet2


deposition are shown along with the RELMAP-simulated values and percent differences on Table 5-4. 
For all locations but two, the RELMAP simulation produced 20 to 50% less wet deposition than the
estimated 1989 values.  It should be noted that the Sturgeon Point (NY97) site, where the model
difference is most positive, and the Mulberry Flat (KY99) site, where the model difference is most
negative, are both located very close to the edge of their model cells.  They are also located in areas
where large point sources of atmospheric mercury are known to exist.  Thus the indicated model error
may be due more to horizontal resolution problems than inaccurate atmospheric process modeling. 
Overall, this comparison seems to contradict the previous comparison to 1993 and 1994 observations in
Michigan and Vermont and indicates a tendency for the RELMAP mercury model to under-estimate wet
deposition.


Table 5-3
Observed Mercury Deposition in Precipitation from the Transition Phase Data Report 


of the Mercury Deposition Network (MDN)
(from http://nadp.nrel.colostate.edu/nadp/mdn/mdn.html)


Station Conc. Complete-
Latitude Longitude


(ddmmss) (ddmmss)


Vol. Wt. Data


(ng/L) ness


Lewes (DE02) 384620 750557 8.28 94%
Everglades Nat'l Pk. (FL11) 252324 804048 7.90 42%
Bondville (IL11)  400312 882219 13.56 50%
Mulberry Flat (KY99)  365405 880049 12.56 88%
Wye (MD13)  385447 760909 8.59 46%
Acadia Nat'l Pk. (ME98) 442226 681538 3.62 40%
Marcell Exp. Forest (MN16) 473152 932807 8.40 94%
Fernberg (MN18)     475647 912946 9.0 79%
Waccamaw State Pk. (NC08) 341000 782500 9.18 96%
Pettigrew State Pk. (NC42) 354500 762200 8.79 87%
Sturgeon Point (NY97)  424100 790200 12.75 75%
Congaree Swamp (SC19) 335200 805200 12.83 94%
Longview (TX21)    322243 944242 8.13 27%
Olympic Nat'l Pk. (WA14) 475136 1235555 4.18 37%
Brule River (WI08)       464500 913000 10.04 85%
Popple River (WI09)   454747 882358 12.52 96%
Trout Lake (WI36)  460310 893911 10.53 96%
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Table 5-4
Estimates of 1989 Mercury Wet Deposition in Precipitation from MDN Data 


and Comparison to Modeled Wet Deposition 


Station Conc. Precip. Hg Dep. Dep. % difference
Vol. Wt.  Modeled Estimated Modeled Hg


(ng/L) (meters) (µg/m ) (µg/m )2 2


DE02 8.28 1.525 12.63 12.47 +1
IL11 13.56 0.857 11.62 8.51 -27
KY99 12.56 1.271 15.97 7.46 -53
MN16 8.40 0.707 5.94 3.37 -43
MN18 9.00 0.683 6.15 3.52 -43
NC08 9.18 1.336 12.26 8.38 -32
NC42 8.79 2.209 19.41 11.52 -41
NY97 12.75 0.888 11.33 14.47 +28
SC19 12.83 1.257 16.12 12.91 -20
WI08 10.04 0.685 6.88 4.25 -38
WI09 12.52 0.631 7.91 4.48 -43
WI36 10.53 0.751 7.91 4.70 -41


The percentile analysis of the wet deposition simulation results in Table 5-5 shows that
50 percent of the continental U.S. had an annual wet deposition of total Hg of 2.9 µg/m  or more, and 102


percent of the area had 12.4 µg/m  or more.  However, due to rapid wet deposition of Hg  and Hg  there2 2+
P


are select areas where wet deposition may be significantly higher.  In the eastern U.S., east of 90 degrees
west longitude, the 50th and 90th percentile levels for total Hg wet deposition are considerably higher
than those for the entire continental U.S., about 10 and 18 µg/m , respectively.2
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Table 5-5
Percentile Analysis of RELMAP Simulated Wet Deposition for the Continental U. S.


Variable Min 10th 50th 90th Max


Full Area


Hg  wet dep. (µg/m /yr) <0.001 0.002 0.029 0.247 1.0110a 2


Hg  wet dep. (µg/m /yr) <0.001 0.031 0.401 3.880 54.422+b 2


Hg  wet dep. (µg/m /yr) <0.001 0.030 0.371 2.613 19.41P
c 2


Background Hg (µg/m /yr) 0.022 0.584 2.111 5.994 9.7222


Total mercury (µg/m /yr) 0.022 0.697 2.858 12.42 80.312


East of 90 W longitude�


Hg  wet dep. (µg/m /yr) 0.007 0.060 0.181 0.385 1.0110a 2


Hg  wet dep. (µg/m /yr) 0.123 1.053 2.652 7.056 54.422+b 2


Hg  wet dep. (µg/m /yr) 0.134 0.848 1.956 4.368 19.41P
c 2


Background Hg (µg/m /yr) 0.524 2.908 5.138 6.944 9.7222


Total mercury (µg/m /yr) 0.795 5.455 10.26 18.42 80.312


West of 90 W longitude�


Hg  wet dep. (µg/m /yr) <0.001 0.002 0.011 0.090 0.4650a 2


Hg  wet dep. (µg/m /yr) <0.001 0.022 0.174 0.967 10.812+b 2


Hg  wet dep. (µg/m /yr) <0.001 0.022 0.175 0.855 6.306P
c 2


Background Hg (µg/m /yr) 0.022 0.507 1.317 3.889 7.6272


Total mercury (µg/m /yr) 0.022 0.597 1.765 5.856 21.942


 Hg   = Elemental Mercury from U.S. sourcesa 0


 Hg  = Divalent Vapor-phase Mercury from U.S. sourcesb 2+


 Hg   = Particle-Bound/Mercury from U.S. sourcesc
p
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5.1.4 Qualitative Description of Mercury Dry Deposition Results


As described in the section on the RELMAP mercury model parameterizations, it was assumed
that Hg  was not effectively dry deposited due to its high vapor pressure and very low water solubility at0


normal atmospheric temperatures.  Therefore, only Hg  vapor and Hg  were dry deposited in the2+
P


RELMAP simulation.  The percentile analysis of the simulated dry deposition using the assumed
emission speciation profiles is shown in Table 5-6.  The statistics on this table indicate the strong local
dry deposition of Hg  vapor as parameterized in the RELMAP mercury model.  There is considerable2+


uncertainty regarding the dry deposition velocity of Hg  and in the extremely high local depositions2+


indicated from the simulation.


Table 5-6
Percentile Analysis of RELMAP Simulated Dry Deposition for the Continental U. S.


Variable Min 10th 50th 90th Max


Full Area


Hg  dry dep. (µg/m /yr) 0.047 0.175 0.864 5.46 62.242+a 2


Hg  dry dep. (µg/m /yr) <0.001 0.005 0.026 0.096 0.418P
b 2


Total mercury (µg/m /yr) 0.050 0.183 0.887 5.56 62.612


East of 90 W longitude�


Hg  dry dep. (µg/m /yr) 0.246 1.595 4.101 9.342 62.242+a 2


Hg  dry dep. (µg/m /yr) 0.011 0.036 0.078 0.139 0.418P
b 2


Total mercury (µg/m /yr) 0.258 1.629 4.175 9.479 62.612


West of 90 W longitude�


Hg  dry dep. (µg/m /yr) 0.047 0.139 0.546 2.092 17.732+a 2


Hg  dry dep. (µg/m /yr) <0.001 0.004 0.016 0.047 0.210P
b 2


Total mercury (µg/m /yr) 0.050 0.145 0.564 2.136 17.932


 Hg  = Divalent Vapor-phase Mercury from U.S. sourcesa 2+


 Hg   = Particle-Bound/Mercury from U.S. sourcesb
p
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Figure 5-9 shows the simulated annual dry deposition totals for Hg .  Dry deposition of Hg2+ 2+


appears to occur primarily on the local scale, the majority occurring within one or two grid cells from the
source (40-80 km), much like the wet deposition.  The magnitude of the dry deposition of Hg  is similar2+


to that for wet deposition, with major urban areas showing values in excess of 30 µg/m .  Simulated dry2


deposition of Hg  vapor in heavily industrialized urban centers is very intense, exceeding 60 µg/m  in2+ 2


the model grid cell containing New York City.  Again, it must be stressed that dry deposition of Hg2+


vapor is not well understood.  The simulation used nitric acid vapor data as a surrogate for Hg  vapor2+


based on similar water solubilities.  The Agency has been unable to find observations of the dry
deposition of Hg  vapor with which to compare to the RELMAP simulation results.  Dry deposition2+


rates for vapor-phase Hg have been estimated from vertical eddy flux calculations at a single site
(Lindberg et al., 1992), but these calculations estimate the combined effects of both Hg  and Hg  vapors. 0 2+


The relatively high solubility and reactivity of Hg  compounds suggests that dry deposition of total2+


vapor-phase mercury may be strongly driven by the Hg  component of the total vapor-phase mercury2+


concentration.


Figure 5-10 shows the simulated annual dry deposition totals for Hg .  As described in AppendixP


D, the dry deposition velocity estimates for Hg  have been made based on the assumption that theP


particulate mass is concentrated around a 0.3 µm diameter size.  The patterns show much less intense dry
deposition of Hg  than for Hg , but the dry deposition still appears to occur primarily within a fewP


2+


hundred km of the source areas.  This slower dry deposition combined with relatively smaller quantities
of Hg  emission result in maximum dry deposition values of only around 0.4 µg/m .  In urban areasP


2


where larger particle sizes are more prevalent, these estimates of Hg  dry deposition are probably tooP


low, but the RELMAP could treat only one particle size.  Since the focus of this modeling was on the
regional scale, 0.3 µm was chosen as the most appropriate diameter size.


Figure 5-11 shows the simulated annual dry deposition for all forms of mercury.  This graphic
looks nearly identical to the simulated dry deposition of Hg  shown in Figure 5-9, indicating that the2+


simulated dry deposition is strongly driven by the Hg  component of the air concentration of total2+


mercury.  Total dry deposition of mercury in all forms would be greatly reduced if significant transfer of
Hg  to Hg  is occurring through particle adsorption or condensation.  Thus, it is very important that our2+


P


understanding of the physical transformations of Hg in the atmosphere be complete and accurate.
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5.1.5 Qualitative Description of Total Mercury Deposition Results


Since both wet and dry deposition of mercury can affect human and ecosystem health, an
analysis of the simulated total deposition of all forms of mercury has been performed.  Table 5-7 shows a
percentile analysis of total deposition of mercury in all modeled forms.  The strong bias toward mercury
deposition in the eastern U.S. is immediately obvious.  Also obvious is the order of magnitude difference
between the 90th percentile level and the maximum values in the nationwide and eastern U.S. analyses. 
The extremely high simulated deposition totals over heavily populated urban centers cannot be
substantiated by observations at this time.  Due to the high degree of uncertainty regarding the emission
speciations and possible rapid chemical and physical transformations immediately after emission, it is
recommended that these maximum simulated deposition values should be considered highly uncertain
until further research is conducted to reduce these uncertainties.


Figure 5-12 shows the RELMAP-simulated total deposition of mercury to the Earth's surface
from U.S. anthropogenic sources and the global atmospheric background concentration combined.  These
results show deposition totals of over 10 µg/m  throughout most of the continental U. S. east of 90 W2 �


longitude, with values over 30 µg/m  for the northeast corridor and at other major urban centers.2


Table 5-7
Percentile Analysis of RELMAP Simulated Total Depositions for the Continental U. S.


Area of Analysis Min 10th 50th 90th Max
(µg/m /yr) (µg/m /yr) (µg/m /yr) (µg/m /yr) (µg/m /yr)2 2 2 2 2


Full Area 0.310 1.024 3.718 17.94 142.9


East of 90 W longitude 1.226 7.407 14.50 27.18 142.9�


West of 90 W 0.310 0.861 2.321 8.003 38.56�
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5.1.6 General Data Interpretations of the RELMAP Modeling


At this time there is significant uncertainty regarding the chemical and physical forms of
mercury air emissions and their chemical and physical transformations in the atmosphere.  This long-
range modeling effort has relied heavily on the assumptions and parameterizations of Petersen et al.
(1995) regarding emission speciation and chemical and physical pathways for mercury deposition. 
These previous mercury modeling results were compared to measurements of Hg  and Hg  air0


P


concentration and wet deposition in northern Europe.  The comparison showed the European model
results agreed with measurements to within a factor of 2 in nearly all cases.  While the climate of
northern Europe may be quite different from that of some locations in North America, it has been
assumed that the predominant chemical and physical mechanisms for mercury transport, transformation
and deposition should be the same for both regions.


The wet deposition results from the RELMAP simulation of atmospheric mercury also seem to
agree with actual measurements within a factor of 2 in most cases.  The RELMAP estimate of just over
80 µg/m  wet deposition in the grid cell containing New York City seems extraordinarily high, but there2


currently are no measurement data which can be compared to these results.  The simulated wet
deposition in the grid cell immediately east of New York City is about 20 µg/m .  Thus, measurements2


taken outside the central industrial areas cannot be used to evaluate these maximum wet deposition
results.  Comparison of modeled mercury wet deposition to observed values during 1993 and 1994 in
Michigan and Vermont suggest that the RELMAP is over-estimating wet deposition, while comparison
to estimates based on observed volume-weighted average concentrations and 1989 precipitation data
suggest the model is under-estimating wet deposition.  Overall, the RELMAP mercury model seems to
produce reasonable spatial patterns of annual wet deposition with site-specific agreement to observations
to within a factor of two.  A rigorous model evaluation will require better spatial coverage by a long-term
observation network than is now available.


The RELMAP dry deposition results indicate that the importance of dry versus wet deposition
processes may be dependent on the fraction of emitted mercury that eventually becomes particle-bound
before deposition.  Very few direct measurements of the dry deposition of gaseous and particulate Hg
have been made to date.  Vertical concentration gradients and eddy flux correlations have been used to
estimate the dry flux of total gaseous mercury by Lindberg et al. (1992), but no discrimination was made
between Hg  and Hg  forms.  At this time, no scientifically credible model evaluation for dry deposition0 2+


of mercury is possible.  Once techniques for the measurement of gaseous dry deposition of mercury
become available and observational networks employing them are developed and operated, model
evaluation and subsequent refinement should rapidly follow.


Many of the measurement studies performed up until the 1980's are now suspected of having
been subject to laboratory contamination.  It is only recently that, by employing ultra-clean laboratory
techniques, mercury measurement studies have been able to assess accurately atmospheric concentrations
and deposition quantities of mercury in near-background conditions.  Even now, it is very difficult to
obtain an accurate assessment of the chemical forms of mercury in typical ambient air samples.  The
RELMAP air concentration results seem quite plausible, with the vast majority of atmospheric mercury
estimated to be in the elemental vapor form, but the precise concentrations of Hg  and Hg  cannot be2+


P


simulated with much confidence until a more complete understanding is established of all pertinent
chemical and physical processes in the atmosphere.


There are some limitations of the RELMAP and other Lagrangian puff models that may
negatively affect the accuracy of atmospheric mercury modeling.  The simulated pollutant puff must
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move as an integral volume, and differences in wind direction or speed at various heights above the
surface are not treated.  The pollutant puff is currently simulated with a predefined vertical top, through
which turbulent exchanges of air and pollutants are set at an arbitrary value.  For pollutants such as Hg0


that remain in the atmosphere for a long time, significant transfer of mass between the PBL and the rest
of the atmosphere is inevitable.  These exchanges can be attributed not only to turbulent processes but
also larger-scale vertical atmospheric motions, both rising and sinking.  Finally, Lagrangian puff models
have no straightforward way to treat the horizontal boundary flux of pollutant into the model domain. 
Hg  vapor is known to be transported in the atmosphere on a global scale, but adequate methods are0


unavailable to model its transport from other parts of the earth into the model domain.  The U.S. EPA is
working to develop a general purpose air-quality modeling system employing an Eulerian reference
frame which should prove more suitable for mercury transport and deposition simulations; completion of
this model is expected in 1998.


5.2 Overview of Local Scale Analysis:  Background Concentrations


5.2.1 Introduction


Background concentrations arising from numerous and varied sources are clearly of concern
when evaluating contaminants such as mercury that are ubiquitous and exist as natural constituents of the
environment.  Some of the mercury on the planet has by virtue of its location alone been inaccessible to
living things; for example, if undisturbed, mercury contained in deep crustal materials is expected to
cycle extremely slowly (if at all) through the environment. Other forms of mercury, although more
accessible, are tightly bound chemically and are expected to cycle slowly. By comparison, mercury in the
upper layers of the soil cycles more rapidly in the environment. Some human activities have liberated
mercury which was formerly sequestered; as a result, mercury concentrations in the atmosphere, soils,
water bodies and sediments have increased over time due to natural and human activities.  For example,
the mercury concentration measured in a given soil sample is potentially the result of a combination of
the �natural� constituent mercury, previous mining emissions, as well as current emissions; additionally
mercury could have volatilized from other soils or bodies of water and deposited to the soil being
sampled.


Hudson et al., (1995)  recognized the occurrence of three separate historical periods of mercury
cycling in the Americas: 1) �paleochemical� which occurred prior to 1550 AD, 2) a period of mining-
related emissions which occurred roughly between 1550 - 1900 AD, and finally, 3) the period of 1900-
present (which includes past anthropogenic increases from mining as well as current increases related to
industrial emissions). In their model current mercury levels in the environment are influenced by all
three time periods.


The purpose of this section is to estimate �existing� mercury concentrations in the U.S. over two
different time periods.  These estimates are used as inputs to the local dispersion analysis so that an
assessment can be made of the impacts of a local anthropogenic source currently emitting mercury
relative to existing background concentrations.  This type of analysis enables an examination of  mercury
concentrations and potential exposures near emissions sources in a more comprehensive manner because
both current and past releases of mercury are accounted. The reader should note that these are imprecise
estimates designed to examine a typical site and perhaps typical conditions. Local concentrations of
mercury in environmental compartments are highly variable, with perhaps the exception of current
atmospheric mercury concentrations located distant to point sources. 


Two separate estimates are presented. The first is an estimate of the mercury biogeochemical
cycle in the U.S. prior to major influences from anthropogenic sources; this is prior to a period of
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mining-related mercury emissions in the Americas. A representation of the �pre-anthropogenic� mercury
cycle will be developed by inputting to the IEM-2M model an average atmospheric mercury
concentration and average annual atmospheric mercury deposition rates for the hypothetical eastern and
western sites. The estimate of the �pre-anthropogenic� atmospheric mercury concentration is based on
work by Mason et. al (1994). The estimate of an average annual deposition rate from this period is e
derived from coring samples of geologic materials which can be correlated to specific time periods.  The
mercury concentrations contained in the core samples are assumed to reflect deposition patterns. Using
these inputs the local dispersion model will be run until equilibrium is achieved for the model
compartments. Chemical equilibrium is defined  as �a steady state, in which opposing chemical reactions
occur at equal rates" (Pauling, 1963).  The hypothetical sites of the modeling are a shallow lake and
watershed described previously as existing in the Eastern U.S. and the Western U.S. 


The second estimate is an approximation of the mercury biogeochemical cycle as it currently
exists at the two hypothetical U.S. sites remote from emission sources.  This second estimation of the
mercury cycle will roughly correspond to the current conditions. The predicted mercury concentrations
from the �pre-anthropogenic� IEM-2M modeling results will be used as inputs for the approximation of
the current mercury cycle. The atmospheric concentrations and the annual rate of mercury deposition are
thought to have increased from the �pre-anthropogenic� period. Elevated concentration and deposition
rates will be used as inputs to the IEM-2M. The deposition rate and an atmospheric air concentration will
be assumed to have existed for a period of time sufficient to reach equilibrium. (This is clearly a
simplifying and uncertain assumption. The current mercury cycle may not be in equilibrium). The
predicted equilibrium mercury concentrations from this second approximation will be used as inputs to
the IEM-2M model to estimate current exposures near emission point sources. These emissions sources
will be assumed to be operational for 30 years. 


5.2.2 The �Pre-anthropogenic� Mercury Cycle 


The purpose of this section is to determine an approximate natural background concentration of
mercury in the atmosphere and approximate atmospheric deposition rates for the hypothetical eastern and
western sites prior to anthropogenic influences on the mercury cycle. The �pre-anthropogenic�
atmosphere concentrations and deposition rates will be utilized as inputs to the IEM-2M model for the
purposes of predicting mercury concentrations in soils and other media and biota associated with the
hypothetical shallow lakes and their respective watersheds prior to anthropogenic emissions.


The Expert Panel on Mercury Atmospheric Processes (1994) described the current background
mercury concentration in the atmosphere over the northern hemisphere as ranging from 1.5 - 2.0 ng/m .3


Fitzgerald (1994) reported that the value used in their modeling of 25 Mmol of mercury in the
atmosphere represents an average concentration of 1.6 ng/m  which is comparable to the average3


measured concentration of mercury over oceans. Mason et al., 1994 estimate that pre-industrial
atmospheric mercury levels were roughly one third of current levels. Assuming that 1.6 ng/m  is a3


reasonable estimate of the current continental atmospheric background, an estimate of 0.5  ng/m  is a3


crude estimate of a pre-anthropogenic background. 


While the levels of mercury circulating in the atmosphere are directly influenced by emissions,
deposition rates appear to be influenced by a number of factors including: the atmospheric mercury
concentration, rainfall, particulate concentration in the atmosphere, and levels of atmospheric oxidants. 
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To estimate deposition rates, Mason et al. (1994) present a pre-anthropogenic global mercury
budget in which the predicted atmospheric deposition to both terrestrial and marine environments is
equal to the evasion of mercury from the two compartments. Given the extensive time period over which
the pre-anthropogenic mercury cycle operated, it is logical when modeling this time period that the
system be in chemical equilibrium.   


Since there are no measured mercury concentration data from this time period, other sources of
data providing indirect measurements must be examined to infer a record of mercury deposition. Core
samples of sedimented materials from lake beds, ombrotrophic bogs and oceans present opportunities to
evaluate the history of mercury deposition from the atmosphere. Other sources such as ice sheets and tree
ring analyses may also evidence patterns of atmospheric mercury concentrations or deposition rates
(Expert Panel on Mercury Atmospheric Processes, (1994). It is important to note that these types of data
only provide inferred deposition rates. These data are primarily interpreted by the authors to describe
trends in mercury deposition rather than precise deposition rates. They do offer one advantage to current
measurement data in that they account for both wet and dry deposition of mercury. 


Rada et al., (1989) analyzed sediment mercury concentrations from Wisconsin (U.S.A.) lakes
and concluded that atmospheric mercury deposition to these lakes had increased significantly when
compared to deposition from earlier time period.  Several authors have estimated the total annual
deposition (wet and dry) rates of mercury by sample coring of various media.  Swain et al., (1992) and
Engstrom et al., (1994) analyzed sediment cores from remote lakes in Wisconsin (U.S.A.) and Minnesota
(U.S.A.). They concluded that the annual atmospheric deposition rate of mercury was 3.7 µg/m /yr2


around the year 1850 in this region of the U.S.  Benoit et al., (1994) analyzed mercury concentrations in
a peat bog at a Minnesota site. The estimated pre-1900 deposition rate at this site was 7 µg/m /yr. 2


Meili (1995) re-evaluated these types of estimates and concluded that the inferred rates were
higher than actual deposition rates. Meili speculated that lake sediment and peat profiles may
overestimate atmospheric deposition rates and that this could be the result of focussing of mercury from
the catchment to a comparatively smaller area of sediment bed and the movement of fine sediments to
deeper zones within a lake. In re-evaluating the data of Swain et al., 1992, Meili poses that as the ratio of
catchment to lake area increases, there is a smaller likelihood of mercury not being retained by the lake
(i.e., it is removed through outflow). In his reevaluation Meili (1995) suggested that a total mercury
deposition rate of approximately 2 µg/m /yr is perhaps more accurate. This estimate is similar to that2


inferred by Meili et al., 1991(WASP 56:333-347) for Europe prior to mercury releases of large
anthropogenic sources. Additionally, the studies of Benoit et al., as well as Swain et al., and Engstrom et
al. estimate mercury deposition rates only back to 1850; these estimates would postdate mercury
emissions from mining in the Americas (Hudson et al., 1995) and these inferred estimates could include
an anthropogenic component. Meili’s other analyses indicate a deposition rate of between 1 and 5
µg/m /yr. Based on these data and considerations, the EPA believes a deposition rate of 3 µg/m /yr is a2 2


reasonable estimate of yearly pre-anthropogenic deposition rate for Eastern site (this would also be an
appropriate estimate for northern U.S. sites.) 


Most of the data used to infer deposition rates have been collected at sites which experience
higher levels of precipitation. The �pre-anthropogenic� deposition rate of 3 µg/m /yr is probably more2


appropriate to Eastern sites rather than Western sites. Given the lower rates of precipitation in the West,
a lower end value from Meili (1995) of 1 µg/m /yr is believed by the EPA to be an appropriate estimate2


of deposition for the �pre-anthropogenic� deposition at the hypothetical Western site.
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Based on the studies described above, in this analysis EPA is using an atmospheric concentration
of 0.5 ng/m  for both hypothetical sites as a model input. The deposition rate of 3 µg/m /yr and 13 2


µg/m /yr will be used for the hypothetical Eastern site and Western sites respectively as inputs to the2


model. The IEM-2M model will be used to estimate the equilibrium concentrations in the hypothetical
shallow water bodies of the eastern and western sites. The initial quantity of mercury in soil, sediments,
water column, and biota is assumed to be zero. The predicted values are EPA’S estimates of the pre-
anthropogenic background concentrations.
 
5.2.3 Estimating Current Background Mercury Concentrations


Current environmental mercury levels are the result of both natural and human events. The
mercury cycle has changed over the last 100 years. Most agree that there has been a sharp increase in the
loadings of mercury to the atmosphere over this period of time as a direct result of anthropogenic activity
(e.g., Expert Panel on Mercury Atmospheric Processes, 1994, Mason et al., 1994, Hudson et al., 1995).
There is also some evidence indicating that recent deposition rates have declined in some areas.


As noted previously the current background mercury concentration over the northern hemisphere
is considered to be between  1.5 - 2.0 ng/m  (Expert Panel on Mercury Atmospheric Processes, 1994). A3


background atmospheric concentration of elemental mercury gas of 1.6 ng/m  was put forth by Fitzgerald3


(1994). This value will be used as an estimate of the current background atmospheric mercury
concentration across the U.S. This concentration reflects contributions from many sources: �natural�
sources, volatilization and evasion of previously deposited mercury from both natural and �old�
anthropogenic sources, as well as current mercury emissions and evasion of mercury from water bodies
contaminated by mercury in effluents.


Current deposition rates at remote sites are difficult to assess. Most measured data are collected
for only a short period of time. Measured data typically only include mercury deposited through wet
deposition, although some researchers have included estimates of dry particulate-bound mercury (e.g.,
Fitzgerald et al., 1991). Methods to measure potential dry deposition of vapor phase mercury are still
being developed. The current measured data may not include this fraction of the total mercury deposited.


Watras et al., (1994) summarized the collected data and presented a conceptualization of
mercury fluxes between abiotic and biotic components of the environment in 7 Northern Wisconsin
seepage Lakes, including Little Rock Lake.  Most of the mercury was thought to enter the lakes through
atmospheric deposition with wet deposition of mercury contributing the most to the total.  The total
amount deposited was approximately 10 µg/m /yr. Additional estimates of annual mercury deposition2


rates are listed in Table 5-8 below. Most of the mercury deposited at Little Rock Lake was thought to
either deposit into the sediment or volatilize back into the atmosphere.  The behavior of mercury at most
U.S. sites is not characterized to the same degree as at Little Rock Lake.  It should be noted that Little
Rock Lake is a remote seepage lake and that the atmospheric chemistry of mercury may be  different
closer to emission sources and under different atmospheric conditions. The chemistry of mercury may
also be different across a spectrum of watersheds and water bodies. Other current deposition rates
measured primarily through mercury concentrations in rainfall are presented in the table below. At
remote sites the primary pathway of atmospheric mercury deposition is presumed to be the result of wet
deposition. The average annual deposition rate across the sites and years is roughly 11 µg/m /yr.  2
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Table 5-8
Mercury Wet Deposition Rates (ug/m /yr)2


Site Wet Mercury Deposition Rates Reference
(ug/m /yr), Means2


Ely, MN 17 in 1988 1988-89 data: Glass et al., (1992)
42 in 1989 1990 data: Sorensen et al., (1992)
6.7 in 1990


Duluth, MN 20 in 1988 1988-89 data: Glass et al., (1992)
6.5 in 1989 1990 data: Sorensen et al., (1992)
9.3 in 1990


Marcell, MN 17 in 1988  Glass et al., (1992)
14 in 1989


Bethel, MN 13 in 1990  Sorensen et al., (1992)


Cavalier, ND 6.1 in 1990 Sorensen et al., (1992)


International Falls, 5.5 in 1990 Sorensen et al., (1992)
MN


Lamberton, MN 9.3 in 1990 Sorensen et al., (1992)


Raco, MN 8.9 in 1990 Sorensen et al., (1992)


Little Rock Lake, 4.5 from rain Fitzgerald et al., (1991)
WI 2.3 from snow


Crab Lake, WI 4.4 from rain Lamborg et al., (1995)
0.8 from snow


Northern MN 10-15 Sorensen et al., (1990)


Pellston, MI 5.8 in year 1 Hoyer et al., (1995)
5.5 in year 2
0.07 ug/m  (max 0.51)  per rainfall event2


South Haven, MI 9.5 in year 1 Hoyer et al., (1995)
13 in year 2
0.12 ug/m  (max 0.85)  per rainfall event2


Dexter, MI 8.7 in year 1 Hoyer et al., (1995
9.1 in year 2
0.10 ug/m  (max 0.98)  per rainfall event2


Underhill Center, 9.3 Burke et al., (1995)
VT 0.07 ug/m  per rainfall event2
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Several authors have estimated current mercury total deposition (wet and dry) rates by sample
coring of various media (see Table 5-9).  For example, Swain et al., (1992) and Engstrom et al., (1994)
used lake core sediments to estimate a current deposition rate of 12.5 µg/m /yr for remote lakes located2


in Minnesota and northern Wisconsin.  Benoit et al., (1994) estimated current mean mercury deposition
rate to be 24.5 µg/m /yr in Minnesota. Engstrom and Swain (1997)evaluated sediment core data from2


lakes located in Minnesota and Alaska. They concluded that there has been a recent (over approximately
the last 20 years) decline in the deposition rate of atmospheric mercury to some lakes. Specifically, they
showed declines in the mercury deposition rate in four Eastern Minnesota lakes and in four lakes around
Minneapolis, MN, but not in three Alaskan lakes and four lakes located in Western Minnesota. The
authors suggested that the observed declines were the result of decreased regional emissions. The lakes
that did not exhibit a decrease were believed to be more influenced by the global concentrations.  Benoit
et al., (1994) also noted a recent decline in inferred deposition rates over the last 10 year interval
measured. The deposition rate of 24.5 µg/m /yr is actually one third of the rate reported for the previous2


10 year interval. 


Table 5-9
Estimated Mercury Total Deposition Rates


Site Estimate of Pre- Estimate of Current Reference
industrial Annual Annual Deposition Rates
Deposition Rates µg/m /yr
µg/m /yr2


2


Minnesota and 3.7 12.5 Swain et al. (1992);
northern Wisconsin Engstrom et al., (1994) 


Lake core sediments


Minnesota 7.0 24.5 Benoit et al., (1994)  
Peat bog core
sampling


Little Rock Lake, WI 10 Fitzgerald et al.,a


(1991)


Crab Lake, WI 7.0 (86% estimated to Lamborg et al.,a


deposit in summer) (1995)


 Data includes previously tabled values of wet deposition plus particulate deposition.  Fitzgerald et al., 1991 did nota


collect particulate size data.  Assuming a particulate deposition velocity of 0.5 cm/s, a yearly average particulate
deposition flux of 3.5+/- 3 ug/m /yr was estimated.  Lamborg et al., (1995) noted the smaller particle sizes in the2


winter and assumed a deposition velocity 0.1 cm/s for the average winter concentrations (7 pg/m ) and a deposition3


velocity of 0.5 cm/s for average summer concentrations (26 pg/m ).3


Given these data, a reasonable estimate of annual deposition at Eastern and Northern sites remote
from sources is 10 µg/m /yr. This value will be input into the model. It is intended that this value account2


for �pre-anthropogenic� mercury as well as the cycling of mercury emitted from �old anthropogenic�
sources that has been previously deposited. There is a collection bias associated with these data;
specifically, the data primarily examine mercury deposition at remote sites from the Northern and
Eastern parts of the U.S. Mercury deposition at these sites is thought to be primarily derived by climactic
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factors such as wet deposition. The total deposition in this region of the U.S. is thought to be
approximately a factor of 5 lower; this is based roughly on the decrease in precipitation rates. These
deposition rates and the air concentration rate will be input to the model until equilibrium is achieved.
The final predicted concentrations will serve as initial inputs to the local scale modeling effort with the
model plants at both hypothetical sites.    


Table 5-10 summarizes the inputs to the IEM-2M model which have been derived form the data
discussed above.  It is important to recognize that many alternative approaches could have been
developed to examine the influence of �background� mercury. This option was utilized because of the
internal consistency it offered. Additionally, it conveys a more general rather than a specific or exact
understanding of the influences on the mercury cycle that is more consistent with the current level of
scientific understanding.  Figures 5-13 and 5-14 show schematically how these inputs have been utilized
to establish initial conditions for analysis.


Table 5-10
Inputs to IEM-2M Model for the two time periods modeled


Time Period Parameter East West


Pre-industrial Air Concentration (ng/m3) 0.5 0.5


Deposition Rate (ug/m2/yr) 3.0 1


Predicted Watershed soil concentration 14 4
(ng/g)


Predicted Total Hg Water 0.35 0.1
Concentration (ng/L)


Predicted Trophic Level 4 Fish 0.13 0.04
Concentration (ug/g)


Industrial Air Concentration (ng/m3) 1.6 1.6


Deposition Rate (ug/m2/yr) 10.0 2.0


Predicted Watershed soil concentration 47 8.0
(ng/g)


Predicted Total Hg Water 1.2 0.2
Concentration (ng/L)


Predicted Trophic Level 4 Fish 0.44 0.09
Concentration (ug/g)
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Industrial Period Steady-State Conditions (used as initial
conditions for model plant analysis)


Pre-industrial Period Steady-State Conditions (used as initial
conditions for industrial period)


Figure 5-13  IEM-2M results for pre-industrial and industrial periods for Eastern site
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Industrial Period Steady-State Conditions (used as initial
conditions for model plant analysis)


Pre-industrial Period Steady-State Conditions (used as initial
conditions for industrial period)


Figure 5-14   IEM-2M results for pre-industrial and industrial periods for Western site
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5.3 Local Atmospheric Transport Modeling


Tables 5-11 through 5-14  show the predicted air concentrations and deposition rates for each facility in
each site, for both the RELMAP 50th and RELMAP 90th percentiles.  These results are discussed in sections
5.3.1 and 5.3.2 below.


Table 5-11
Predicted Air Concentrations and Deposition Rates for E


as
te


rn
 S


ite
 (


Lo
ca


l +
 R


E
LM


A
P


 5
0t


h


Plant Distance Air Concentration %RelMap %ISC Total Deposition %RelMap %ISC
(ng/m3) (ug/m2/yr)


Variant b:Large Municipal Waste Combustor 2.5 km 1.7E+00 97% 3% 4.2E+01 34% 66%


10 km 1.7E+00 98% 2% 2.6E+01 57% 43%


25 km 1.7E+00 99% 1% 1.9E+01 78% 22%


Variant b:Small Municipal Waste Combustor 2.5 km 1.7E+00 99% 1% 1.9E+01 74% 26%


10 km 1.7E+00 100% 0% 1.6E+01 90% 10%


25 km 1.7E+00 100% 0% 1.5E+01 97% 3%


Large Commercial HMI 2.5 km 1.7E+00 99% 1% 1.9E+01 76% 24%


10 km 1.7E+00 100% 0% 1.5E+01 95% 5%


25 km 1.7E+00 100% 0% 1.5E+01 99% 1%


Large Hospital HMI 2.5 km 1.7E+00 97% 3% 4.4E+01 33% 67%


10 km 1.7E+00 99% 1% 2.0E+01 74% 26%


25 km 1.7E+00 100% 0% 1.6E+01 92% 8%


Small Hospital HMI 2.5 km 1.7E+00 100% 0% 1.6E+01 88% 12%


10 km 1.7E+00 100% 0% 1.5E+01 98% 2%


25 km 1.7E+00 100% 0% 1.5E+01 100% 0%


Large Hospital HMI (wet scrubber) 2.5 km 1.7E+00 100% 0% 1.5E+01 94% 6%


10 km 1.7E+00 100% 0% 1.5E+01 99% 1%


25 km 1.7E+00 100% 0% 1.5E+01 100% 0%


Small Hospital HMI (wet scrubber) 2.5 km 1.7E+00 100% 0% 1.5E+01 100% 0%


10 km 1.7E+00 100% 0% 1.5E+01 100% 0%


25 km 1.7E+00 100% 0% 1.5E+01 100% 0%


Large Coal-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 3.0E+01 48% 52%


10 km 1.7E+00 100% 0% 1.7E+01 83% 17%


25 km 1.7E+00 100% 0% 1.6E+01 93% 7%


Medium Coal-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 2.1E+01 68% 32%


10 km 1.7E+00 100% 0% 1.6E+01 89% 11%


25 km 1.7E+00 100% 0% 1.5E+01 94% 6%


Small Coal-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 1.6E+01 90% 10%


10 km 1.7E+00 100% 0% 1.5E+01 96% 4%


25 km 1.7E+00 100% 0% 1.5E+01 99% 1%


Medium OIl-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 1.5E+01 99% 1%


10 km 1.7E+00 100% 0% 1.5E+01 100% 0%


25 km 1.7E+00 100% 0% 1.5E+01 100% 0%


Chlor-alkali plant 2.5 km 4.0E+00 42% 58% 2.5E+02 6% 94%


10 km 2.1E+00 79% 21% 4.6E+01 32% 68%


25 km 1.8E+00 92% 8% 2.2E+01 65% 35%
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Table 5-12
Predicted Air Concentrations and Deposition Rates for E
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Plant Distance Air Concentration %RelMap %ISC Total Deposition %RelMap %ISC
(ng/m3) (ug/m2/yr)


Variant b:Large Municipal Waste Combustor 2.5 km 1.8E+00 97% 3% 5.5E+01 50% 50%


10 km 1.8E+00 98% 2% 3.8E+01 71% 29%


25 km 1.7E+00 99% 1% 3.1E+01 87% 13%


Variant b:Small Municipal Waste Combustor 2.5 km 1.7E+00 99% 1% 3.2E+01 85% 15%


10 km 1.7E+00 100% 0% 2.9E+01 95% 5%


25 km 1.7E+00 100% 0% 2.8E+01 98% 2%


Large Commercial HMI 2.5 km 1.7E+00 99% 1% 3.2E+01 85% 15%


10 km 1.7E+00 100% 0% 2.8E+01 98% 2%


25 km 1.7E+00 100% 0% 2.7E+01 99% 1%


Large Hospital HMI 2.5 km 1.8E+00 97% 3% 5.7E+01 48% 52%


10 km 1.7E+00 99% 1% 3.2E+01 84% 16%


25 km 1.7E+00 100% 0% 2.8E+01 96% 4%


Small Hospital HMI 2.5 km 1.7E+00 100% 0% 2.9E+01 93% 7%


10 km 1.7E+00 100% 0% 2.7E+01 99% 1%


25 km 1.7E+00 100% 0% 2.7E+01 100% 0%


Large Hospital HMI (wet scrubber) 2.5 km 1.7E+00 100% 0% 2.8E+01 97% 3%


10 km 1.7E+00 100% 0% 2.7E+01 100% 0%


25 km 1.7E+00 100% 0% 2.7E+01 100% 0%


Small Hospital HMI (wet scrubber) 2.5 km 1.7E+00 100% 0% 2.7E+01 100% 0%


10 km 1.7E+00 100% 0% 2.7E+01 100% 0%


25 km 1.7E+00 100% 0% 2.7E+01 100% 0%


Large Coal-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 4.3E+01 64% 36%


10 km 1.7E+00 100% 0% 3.0E+01 90% 10%


25 km 1.7E+00 100% 0% 2.8E+01 96% 4%


Medium Coal-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 3.4E+01 80% 20%


10 km 1.7E+00 100% 0% 2.9E+01 94% 6%


25 km 1.7E+00 100% 0% 2.8E+01 97% 3%


Small Coal-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 2.9E+01 94% 6%


10 km 1.7E+00 100% 0% 2.8E+01 98% 2%


25 km 1.7E+00 100% 0% 2.7E+01 99% 1%


Medium OIl-fired Utility Boiler 2.5 km 1.7E+00 100% 0% 2.7E+01 99% 1%


10 km 1.7E+00 100% 0% 2.7E+01 100% 0%


25 km 1.7E+00 100% 0% 2.7E+01 100% 0%


Chlor-alkali plant 2.5 km 4.0E+00 43% 57% 2.6E+02 10% 90%


10 km 2.2E+00 79% 21% 5.9E+01 46% 54%


25 km 1.9E+00 92% 8% 3.5E+01 77% 23%
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Table 5-13
Predicted Air Concentrations and Deposition Rates for W
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Plant Distance Air Concentration %RelMap %ISC Total Deposition %RelMap %ISC
(ng/m3) (ug/m2/yr)


Variant b:Large Municipal Waste Combustor 2.5 km 1.7E+00 98% 2% 2.0E+01 11% 89%


10 km 1.6E+00 98% 2% 1.1E+01 20% 80%


25 km 1.6E+00 99% 1% 5.6E+00 41% 59%


Variant b:Small Municipal Waste Combustor 2.5 km 1.6E+00 99% 1% 6.2E+00 38% 62%


10 km 1.6E+00 100% 0% 3.4E+00 68% 32%


25 km 1.6E+00 100% 0% 2.7E+00 87% 13%


Large Commercial HMI 2.5 km 1.6E+00 99% 1% 6.0E+00 38% 62%


10 km 1.6E+00 100% 0% 2.8E+00 83% 17%


25 km 1.6E+00 100% 0% 2.4E+00 95% 5%


Large Hospital HMI 2.5 km 1.7E+00 98% 2% 2.7E+01 9% 91%


10 km 1.6E+00 99% 1% 5.9E+00 39% 61%


25 km 1.6E+00 100% 0% 3.3E+00 71% 29%


Small Hospital HMI 2.5 km 1.6E+00 100% 0% 3.9E+00 59% 41%


10 km 1.6E+00 100% 0% 2.5E+00 92% 8%


25 km 1.6E+00 100% 0% 2.4E+00 98% 2%


Large Hospital HMI (wet scrubber) 2.5 km 1.6E+00 100% 0% 3.0E+00 77% 23%


10 km 1.6E+00 100% 0% 2.4E+00 96% 4%


25 km 1.6E+00 100% 0% 2.3E+00 99% 1%


Small Hospital HMI (wet scrubber) 2.5 km 1.6E+00 100% 0% 2.4E+00 98% 2%


10 km 1.6E+00 100% 0% 2.3E+00 100% 0%


25 km 1.6E+00 100% 0% 2.3E+00 100% 0%


Large Coal-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 5.8E+00 40% 60%


10 km 1.6E+00 100% 0% 3.5E+00 67% 33%


25 km 1.6E+00 100% 0% 3.3E+00 69% 31%


Medium Coal-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 4.3E+00 53% 47%


10 km 1.6E+00 100% 0% 3.7E+00 63% 37%


25 km 1.6E+00 100% 0% 3.2E+00 73% 27%


Small Coal-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 3.4E+00 69% 31%


10 km 1.6E+00 100% 0% 2.8E+00 84% 16%


25 km 1.6E+00 100% 0% 2.5E+00 94% 6%


Medium OIl-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 2.4E+00 96% 4%


10 km 1.6E+00 100% 0% 2.4E+00 97% 3%


25 km 1.6E+00 100% 0% 2.3E+00 99% 1%


Chlor-alkali plant 2.5 km 3.5E+00 46% 54% 1.9E+02 1% 99%


10 km 1.9E+00 84% 16% 2.5E+01 9% 91%


25 km 1.7E+00 94% 6% 8.1E+00 28% 72%
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Table 5-14
Predicted Air Concentrations and Deposition Rates for W
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Plant Distance Air Concentration %RelMap %ISC Total Deposition %RelMap %ISC
(ng/m3) (ug/m2/yr)


Variant b:Large Municipal Waste Combustor 2.5 km 1.7E+00 98% 2% 2.6E+01 31% 69%


10 km 1.7E+00 98% 2% 1.7E+01 47% 53%


25 km 1.7E+00 99% 1% 1.1E+01 71% 29%


Variant b:Small Municipal Waste Combustor 2.5 km 1.7E+00 99% 1% 1.2E+01 67% 33%


10 km 1.6E+00 100% 0% 9.1E+00 88% 12%


25 km 1.6E+00 100% 0% 8.3E+00 96% 4%


Large Commercial HMI 2.5 km 1.7E+00 99% 1% 1.2E+01 68% 32%


10 km 1.6E+00 100% 0% 8.5E+00 94% 6%


25 km 1.6E+00 100% 0% 8.1E+00 98% 2%


Large Hospital HMI 2.5 km 1.7E+00 98% 2% 3.2E+01 25% 75%


10 km 1.7E+00 99% 1% 1.2E+01 69% 31%


25 km 1.6E+00 100% 0% 8.9E+00 90% 10%


Small Hospital HMI 2.5 km 1.6E+00 100% 0% 9.6E+00 83% 17%


10 km 1.6E+00 100% 0% 8.2E+00 98% 2%


25 km 1.6E+00 100% 0% 8.0E+00 99% 1%


Large Hospital HMI (wet scrubber) 2.5 km 1.6E+00 100% 0% 8.7E+00 92% 8%


10 km 1.6E+00 100% 0% 8.1E+00 99% 1%


25 km 1.6E+00 100% 0% 8.0E+00 100% 0%


Small Hospital HMI (wet scrubber) 2.5 km 1.6E+00 100% 0% 8.0E+00 99% 1%


10 km 1.6E+00 100% 0% 8.0E+00 100% 0%


25 km 1.6E+00 100% 0% 8.0E+00 100% 0%


Large Coal-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 1.2E+01 69% 31%


10 km 1.6E+00 100% 0% 9.1E+00 88% 12%


25 km 1.6E+00 100% 0% 9.0E+00 89% 11%


Medium Coal-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 1.0E+01 80% 20%


10 km 1.6E+00 100% 0% 9.4E+00 85% 15%


25 km 1.6E+00 100% 0% 8.9E+00 90% 10%


Small Coal-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 9.1E+00 88% 12%


10 km 1.6E+00 100% 0% 8.5E+00 95% 5%


25 km 1.6E+00 100% 0% 8.2E+00 98% 2%


Medium OIl-fired Utility Boiler 2.5 km 1.6E+00 100% 0% 8.1E+00 99% 1%


10 km 1.6E+00 100% 0% 8.1E+00 99% 1%


25 km 1.6E+00 100% 0% 8.0E+00 100% 0%


Chlor-alkali plant 2.5 km 3.6E+00 46% 54% 2.0E+02 4% 96%


10 km 1.9E+00 84% 16% 3.0E+01 26% 74%


25 km 1.7E+00 94% 6% 1.4E+01 58% 42%
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5.3.1 Air Concentrations


In analyzing the air concentrations predicted by the ISC3 model, it is important to observe that in
a typical year the predicted air concentration due to the local source at any receptor is zero a rather
substantial fraction of the time.  There are two basic reasons for this.  First, in order to predict a non-zero
air concentration for a given hour the receptor must be in the downwind direction.  This means that the
wind must be blowing in a direction within 90 degrees of the receptor itself.  For most sites this only
occurs about 50% of the time for the direction with the highest frequency.  Second, even if the receptor is
downwind, the predicted air concentration will be significant only if the wind is blowing in a direction
within about 10 degrees of the receptor's direction relative to the facility.  For most sites this occurs for
the prevailing downwind direction only about 10 to 15 percent of the time. Because the air
concentrations are averaged over the year, this results in (usually) low average air concentrations.


The predicted air concentrations are typically dominated by the regional values, even for the
watersheds relatively close to the facility.  The only exception to this is the chlor-alkali plant, for which
larger air concentrations are predicted (this is due to the low stack height and assumed stack gas exit
velocity).  The predicted air concentrations are similar for both sites, and none of the predicted air
concentrations exceed 4 ng/m .  3


The differences in predicted air concentrations across source classes depend mainly on three key
parameters:  the total mercury emission rate, the stack height, and the exit velocity of the plume from the
source.  The sensitivity of the air model to the emission rate is to be expected because the predicted air
concentrations are linear with the total mercury emission rate, and the model plants are assumed to have
a wide range of emission rates (from less than 1 kg/yr up to 380 kg/yr).  Both the stack height and exit
velocity are used in calculating the effective stack height, which is the height to which the plume rises
from the stack top.  The importance of the effective stack height on air concentrations is well known, and
is demonstrated here by the predicted air concentrations for the chlor-alkali plant, which clearly
dominates the values as a whole.  This is due to a combination of a low stack height (10 feet) and slow
stack gas exit velocity (0.1 m/s) and a comparatively high assumed total mercury emissions rate of about
380 kg/yr.  The low stack parameters result in predicted low plumes that are not as vertically dispersed at
the receptor when compared with the facilities with higher stacks, thereby enhancing air concentrations.


In general, the predicted average air concentrations are quite low.  The only source class for
which significantly elevated air concentrations are predicted is the chlor-alkali facility.  This is due to a
very low stack height coupled with a high assumed mercury emission rate.  The low stack height results
in predicted plumes that are close to the receptors considered, and so there is less dispersion of the plume
compared to the other facilities.  


5.3.2 Deposition Rates


In contrast to the predicted air concentrations, the annual deposition rates are cumulative; they
represent the sum of any deposition that occurs during the year, and hence are not affected by long
periods of little deposition.  Further, the ISC3 model predicts that significant deposition events occur
infrequently, and it is these relatively rare events that are responsible for the majority of the annual
deposition rate.


Because dry deposition is calculated by multiplying the predicted air concentration for the hour
by the deposition velocity, significant dry deposition events only occur when, for the reasons discussed
above, there is a "spike" of predicted high air concentration for a given hour.  Annual dry deposition
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tends to be dominated by these peak values when the wind is blowing within a few degrees of the
receptor's direction.


For any site with appreciable precipitation, wet deposition can dominate the total deposition for
receptors close to the source.  Single wet deposition events can deposit 300 times more Hg than a high
dry deposition event.  These events are even rarer than significant dry deposition events because not only
must the wind direction be within a few degrees of the receptor's direction, but precipitation must be
occurring as well.


The predicted dry deposition rates depend ultimately on the predicted air concentrations.  For
this reason, dry deposition accounts for most of the total deposition for the facility with the highest
predicted air concentrations, the chlor-alkali plant.  In complex terrain, dry deposition can play a larger
but uncertain role than in the results presented here.


5.3.3 Mass Balances within the Local-Scale Domain


In this section the fraction of the mercury emitted from each hypothetical facility that is
predicted to deposit within 50 km is estimated.  The area-averaged wet and dry deposition rates are also
estimated based on the fraction from the single source that is predicted to deposit within 50 km.


Tables 5-15  and 5-16 show the results for all facilities at both sites.  These results were obtained
by using a total of 480 receptors for each facility and site.  The receptors were placed in 16 directions
around the facility and 30 distances, from 0.5 km to 50  km. 


In general, 7-45 percent of the total mercury emitted is predicted to deposit within 50 km at the
humid site in flat terrain, while 2-38 percent is predicted to deposit at the arid site.  (The ranges represent
values from the different sources considered.)  This implies that at least 55 percent of the total mercury
emissions is transported more than 50 km from any of the sources considered, and is consistent with the
RELMAP results that predict that mercury may be transported across considerable distances. 


The differences between the results for the two sites are due primarily to the differences in the
frequency and intensity of precipitation.  At the humid site, precipitation occurs about 12 percent of the
year, with about 5 percent of this precipitation of moderate intensity (0.11 to 0.30 in/hr).  At the arid site,
precipitation occurs about 3 percent of the year, with about 2 percent of the precipitation of moderate
intensity.
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Table 5-15
Mass Balance of Mercury Emissions for each Facility in the Humid Site Using the ISC3 Model


Percent of Total Mercury Emissions Deposited within 50 km


Eastern Site  Speciation of Emissions Total Hg0 Vapor Hg(II) Vapor Hg(II)
Particulate


Facility Stack height (m) Hg Emission Hg0 Vapor Hg0 Particulate Hg(II) Vapor Hg(II) Particulate Dry Wet Dry Wet Dry Wet Dry Wet
(kg/yr) Dep Dep Dep Dep Dep Dep Dep Dep


LMWC_b 70 220 60% 0% 30% 10% 6.7% 6.2% 0.5% 3.9% 6.1% 1.9% 0.1% 0.4%


SMWC_b 43 20 60% 0% 30% 10% 10.5% 6.1% 0.9% 3.9% 9.4% 1.8% 0.2% 0.4%


LCMHI 12 5 33% 0% 50% 17% 27.5% 5.2% 1.3% 2.1% 25.5% 2.3% 0.7% 0.8%


LHMHI 12 24 2% 0% 73% 25% 35.3% 5.0% 0.1% 0.1% 34.3% 3.8% 0.9% 1.1%


SHMHI 12 1 2% 0% 73% 25% 38.8% 4.5% 0.1% 0.1% 37.8% 3.3% 1.0% 1.1%


LHMHI_Scru 12 1 33% 0% 50% 17% 27.6% 5.2% 1.3% 2.1% 25.7% 2.3% 0.7% 0.8%
bber


SHMHI_Scru 12 0 33% 0% 50% 17% 28.1% 5.0% 1.4% 2.1% 26.0% 2.1% 0.7% 0.8%
bber


LCUB 223 230 50% 0% 30% 20% 0.8% 5.9% 0.0% 3.2% 0.8% 1.9% 0.0% 0.8%


MCUB 142 90 50% 0% 30% 20% 2.5% 6.0% 0.1% 3.3% 2.2% 1.9% 0.1% 0.8%


SCUB 81 10 50% 0% 30% 20% 7.8% 5.9% 0.5% 3.2% 7.0% 1.8% 0.3% 0.8%


MOUB 88 2 50% 0% 30% 20% 4.6% 6.0% 0.2% 3.3% 4.1% 1.9% 0.2% 0.8%


CAP 3 380 70% 0% 30% 0% 17.2% 5.5% 3.5% 4.5% 13.6% 1.0% 0.0% 0.0%
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Table 5-16
Mass Balance of Mercury Emissions for each Facility in the Arid Site Using the ISC3 Model


Estimated Percent of Total Mercury Emissions Deposited within 50
km


Western Site  Speciation of Emissions Total Hg0 Vapor Hg(II) Vapor Hg(II)
Particulate


Facility Stack height (m) Assumed Hg Hg0 Vapor Hg0 Particulate Hg(II) Vapor Hg(II) Particulate Dry Wet Dry Wet Dry Wet Dry Wet
Emission (kg/yr) Dep Dep Dep Dep Dep Dep Dep Dep


LMWC_b 70 220 60% 0% 30% 10% 6.7% 1.0% 0.5% 0.6% 6.1% 0.3% 0.1% 0.1%


SMWC_b 43 20 60% 0% 30% 10% 10.0% 1.0% 0.8% 0.7% 9.0% 0.3% 0.2% 0.1%


LCMHI 12 5 33% 0% 50% 17% 26.0% 0.9% 1.2% 0.4% 24.2% 0.4% 0.6% 0.1%


LHMHI 12 24 2% 0% 73% 25% 33.5% 0.8% 0.1% 0.0% 32.6% 0.6% 0.8% 0.2%


SHMHI 12 1 2% 0% 73% 25% 36.9% 0.7% 0.1% 0.0% 35.8% 0.5% 1.0% 0.2%


LHMHI_Scrubb 12 1 33% 0% 50% 17% 26.3% 0.9% 1.3% 0.4% 24.4% 0.4% 0.6% 0.1%
er


SHMHI_Scrubb 12 0 33% 0% 50% 17% 27.0% 0.8% 1.4% 0.4% 24.9% 0.3% 0.7% 0.1%
er


LCUB 223 230 50% 0% 30% 20% 1.2% 0.9% 0.0% 0.5% 1.1% 0.3% 0.0% 0.1%


MCUB 142 90 50% 0% 30% 20% 2.8% 0.9% 0.1% 0.5% 2.6% 0.3% 0.1% 0.1%


SCUB 81 10 50% 0% 30% 20% 7.5% 1.0% 0.4% 0.5% 6.8% 0.3% 0.3% 0.1%


MOUB 88 2 50% 0% 30% 20% 4.8% 1.0% 0.2% 0.5% 4.4% 0.3% 0.2% 0.1%


CAP 3 380 70% 0% 30% 0% 16.7% 1.0% 3.6% 0.8% 13.1% 0.2% 0.0% 0.0%
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The percentage of mercury deposited within 50 km depends on two main factors: facility
characteristics that influence effective stack height (stack height plus plume rise) and the fraction of mercury
emissions that is divalent mercury.  In most cases, the effective stack height affects only the air concentrations,
and hence dry deposition.


The differences between the results for the LMWC and SMWC are primarily due to differences in the
parameters used to estimate the effective stack height (stack height plus plume rise): stack height, stack
diameter, and exit temperature.  The effective stack height is used to estimate dry deposition.  The lower
plumes predicted for the SMWC result in higher air concentrations, and hence higher predicted dry deposition. 
About twice as much of the emitted mercury is predicted to dry deposit for the SMWC than for the LMWC. 
This difference is roughly the same as the ratio of the stack heights (LMWC stack is about twice as high as that
of the SMWC).  Wet deposition is only affected by differences in wind speed at stack top, and in this case the
ultimate effects are minimal.  The wind speed at stack top is extrapolated from the height at which it was
measured using wind profile exponents.


Differences between the results for the utility boilers are due primarily to the difference in stack
heights.  For all utility boilers, less than 15 percent of the total mercury emitted is predicted to deposit within
50 km.  Again, this is a reflection of the high effective stacks predicted for this source class.


The deposition rates averaged over the entire 50 km radius region surrounding each facility are given in
Tables 5-17  and 5-18.  These values are comparable to or well below typically reported deposition rates (see
Section 2). 
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Table 5-17
Area-Averaged Mercury Deposition Rates for each Facility in the Humid Site


Eastern Site


Speciation of Emissions Area-Averaged Values within 50km (ug/m2/yr)


Facility Stack height (m) Hg Emission (kg/yr) Hg0 Vapor Hg0 Hg(II) Vapor Hg(II) Total Deposition Dry Deposition Wet Deposition
Particulate Particulate Rate Rate Rate


LMWC_b 70.1 220.0 60% 0% 30% 10% 3.6 1.9 1.7


SMWC_b 42.7 20.0 60% 0% 30% 10% 0.4 0.3 0.2


LCMHI 12.2 4.6 33% 0% 50% 17% 0.2 0.2 0.0


LHMHI 12.2 23.9 2% 0% 73% 25% 1.2 1.1 0.2


SHMHI 12.2 1.3 2% 0% 73% 25% 0.1 0.1 0.0


LHMHI_Scrubber 12.2 0.8 33% 0% 50% 17% 0.0 0.0 0.0


SHMHI_Scrubber 12.2 0.1 33% 0% 50% 17% 0.0 0.0 0.0


LCUB 223.1 230.0 50% 0% 30% 20% 2.0 0.2 1.7


MCUB 141.7 90.0 50% 0% 30% 20% 1.0 0.3 0.7


SCUB 81.1 10.0 50% 0% 30% 20% 0.2 0.1 0.1


MOUB 88.4 2.0 50% 0% 30% 20% 0.1 0.1 0.0


CAP 3.0 380.0 70% 0% 30% 0% 11.0 8.3 2.7
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Table 5-18
Area-Averaged Mercury Deposition Rates for each Facility in the Arid Site


Western Site


Assumed Speciation of Emissions Area-Averaged Values within 50km
(ug/m2/yr)


Facility Stack height (m) Assumed Hg Hg0 Vapor Hg0 Hg(II) Vapor Hg(II) Total Dry Wet
Emission Particulate Particulate Deposition Deposition Deposition
(kg/yr) Rate Rate Rate


LMWC_b 70.1 220.0 60% 0% 30% 10% 2.2 1.9 0.3


SMWC_b 42.7 20.0 60% 0% 30% 10% 0.3 0.3 0.0


LCMHI 12.2 4.6 33% 0% 50% 17% 0.2 0.2 0.0


LHMHI 12.2 23.9 2% 0% 73% 25% 1.0 1.0 0.0


SHMHI 12.2 1.3 2% 0% 73% 25% 0.1 0.1 0.0


LHMHI_Scrubber 12.2 0.8 33% 0% 50% 17% 0.0 0.0 0.0


SHMHI_Scrubber 12.2 0.1 33% 0% 50% 17% 0.0 0.0 0.0


LCUB 223.1 230.0 50% 0% 30% 20% 0.6 0.4 0.3


MCUB 141.7 90.0 50% 0% 30% 20% 0.4 0.3 0.1


SCUB 81.1 10.0 50% 0% 30% 20% 0.1 0.1 0.0


MOUB 88.4 2.0 50% 0% 30% 20% 0.0 0.0 0.0


CAP 3.0 380.0 70% 0% 30% 0% 8.5 8.1 0.5
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5.3.4 Uncertainty and Sensitivity Analyses


As has been noted previously, the behavior of atmospheric mercury close to the point of release
has not been studied extensively.  This alone results in a significant degree of uncertainty implicit in the
preceding modeling exercises.  In this section,  several of these assumptions along with other possible
behaviors are examined to illustrate the implications of these potential properties of atmospheric mercury
in the near-field.  


5.3.4.1 Dry Deposition


Impact of a Compensation Point for Dry Deposition of Elemental Mercury


It has been suggested that dry deposition of elemental mercury to plants may not occur at all
unless the air concentration is above a certain threshold value, which is termed the compensation point.
Results of Hanson et al. (1995) suggest that this threshold is at least about 10 ng/m , although there are3


lingering uncertainties due to the possible dependence of the compensation point on the type of
vegetation, season, and time of day.  Sensitivity analyses were conducted to examine the possible impact
of a compensation point on the ISC3 analysis.  This analysis represents one of the first efforts ever to
investigate the possible impact of a compensation point on the dry deposition of elemental mercury.


Figures 5-15, 5-16, and 5-17 show the predicted dry deposition of elemental mercury at 2.5 km,
10 km, and 25 km, respectively, northeast (the direction of maximum deposition) of the model plant
chlor-alkali facility located at the eastern site.  These results were generated assuming a dry deposition
velocity of 0.06 cm/s for elemental mercury (the same value used in the analyses); however, if the
calculated air concentration for a given hour is not above the compensation point, no dry deposition is
allowed to occur.  The figures show the sensitivity of the total dry deposition rate to different
compensation points.  







Influence of the Compensation Point on the Dry Deposition of Elemental Mercury: 
2,500 Meters NE of a Chlor-alkali Plant at the Eastern Site
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Figure 5-15







Influence of the Compensation Point on the Dry Deposition of Elemental Mercury: 
10,000 Meters NE of a Chlor-alkali Plant at the Eastern Site
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Figure 5-16







Influence of the Compensation Point on the Dry Deposition of Elemental Mercury: 
25,000 Meters NE of a Chlor-alkali Plant at the Eastern Site
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Figure 5-17
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As a percentage of the total dry deposition, there is little impact for the receptor located at 2.5 km from
the facility.  This indicates that almost all of the predicted dry deposition occurs during hours when the
predicted air concentration is above 20 ng/m .  This suggests that the existence of a compensation point3


will not have a large impact on the results for receptors close to this facility unless it is above 20 ng/m .  3


For receptors farther from the facility, the compensation point is predicted to have more of an
impact, in terms of the fraction of the total dry deposition.  This impact indicates that most of the dry
deposition is predicted to occur when the air concentration is low.  However, in these cases the total dry
deposition rate is then correspondingly  low.  For example, at 25 km, by not assuming a compensation
point there is the possibility of overestimating the dry deposition of elemental mercury by up to a factor
of 2, depending on what the compensation point is; however, this amounts to less than 2 µg/m /yr.2


Sensitivity of Dry Deposition of Divalent Mercury to Reactivity


The gas deposition module of the ISC3 model utilizes several parameters to estimate the dry
deposition velocity for gases.  In this section, the sensitivity of the results to the pollutant reactivity
parameter is investigated.  The pollutant reactivity is used to estimate the resistance through the
vegetative canopy (EPA 1996; page inserts to ISC3 Dispersion Model User’s Guide).  In particular, this
resistance is obtained by scaling the reference resistance for SO  by (A /A ), where A  is the default2 ref poll ref


reference reactivity for SO  of 8 (EPA 1996), and A  is the reactivity for the pollutant of interest.  In2 poll


this analysis, nitric acid has been used as a surrogate for divalent mercury vapor, and for this reason a
large value for the reactivity (i.e., a low value for canopy resistance) is assumed.  A precise estimate is
not available for nitric acid.  Previous applications of similar models (e.g., CALPUFF) suggested a
default value of 18 for the reactivity for nitric acid, although no references are available to support this
value.  More recent discussions with the model developers suggested that the reactivity of nitric acid
should be considerably higher than 18 in order to reduce the canopy resistance.  Based on discussions
with the model developers, in the present analysis reactivity of 800 was assumed.  This results in average
dry deposition velocities of about 3 cm/s for the eastern site.


Figure 5-18 shows the predicted dry deposition assuming different reactivities for divalent
mercury vapor.  These results indicate that increasing the reactivity higher than 800 will have little effect
on the predicted deposition.  However, there is a substantial difference between the deposition results
using a reactivity of 18 instead 800.  Indeed, the predicted dry deposition velocities average about
0.6 cm/s if a reactivity of 18 is assumed.
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Figure 5-18


The above sensitivity analysis shows that if more empirical data would show that the pollutant reactivity
is 18 or less for divalent mercury vapor, then our use of the number 800 in the present analysis has led to
overestimation of mercury deposition by, at most, about a factor of five.  An observation in support of
the use of a reactivity near 800 is that the average predicted dry deposition velocity for divalent mercury
vapor of about 3 cm/s is consistent with the table of values used by RELMAP for coniferous forests.
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5.3.4.2 Wet Deposition


In the local impact analysis, wet deposition of particulate mercury is estimated by calculating a
scavenging coefficient that depends on particle size and precipitation intensity, while wet deposition of
vapor is estimated by converting a washout ratio to a scavenging coefficient.  The washout ratio is the
ratio of the concentration in surface-level precipitation to the concentration in surface level air (Slinn
1984).  Because most facilities are assumed to emit primarily vapor-phase mercury (elemental of
divalent), in this section the possible impacts of uncertainty in wet deposition of vapor are briefly
discussed. 


Due to its higher solubility, divalent mercury is thought to wet deposit at much higher rates than
that of elemental mercury vapor.  Determination of washout ratios for divalent mercury vapor has
precluded by the limitations of current analytical measurement techniques: it has not been possible to
obtain measurements of divalent vapor air concentrations, and hence there are no reported values in the
peer-reviewed literature.  For this reason, the washout ratio used for divalent mercury vapor is based on
an assumed similarity between divalent mercury and nitric acid, for which washout ratios are available
(Petersen 1995).  In particular, a value of 1.6x10  is used.  Comparisons of concentrations in6


precipitation calculated using this value agree quite well for nitric acid.  However, the applicability of
this value for divalent mercury vapor is uncertain, as there may be other processes specific to mercury
that would result in a smaller washout ratio.


Because the washout ratio is used to calculate a scavenging coefficient, the effect of the
uncertainty in the washout ratio is not strictly linear.  A larger washout ratio results in a larger
scavenging coefficient, which results in more of the plume being depleted closer to the source.  Thus, at
larger distances from the source, the predicted wet deposition may be higher using a smaller washout
ratio, and the uncertainty in the washout ratio will primarily affect predictions of deposition close to the
facility.  These predictions are of course the most critical, and at present cannot be validated due to a lack
of available measured data near the facilities of concern.  In the end, the total deposited within 50 km is
actually not sensitive to the washout ratio assumed.  This is indicated when the mass balance results for
elemental and divalent mercury are compared: the fraction of total elemental mercury emitted that is
deposited within 50 km via wet deposition is similar to that for divalent mercury (both at about 6%),
despite the fact that the washout ratio for divalent mercury is 10,000 times larger than that for elemental
mercury. 


5.3.4.3 Sensitivity to Emissions Speciation


For the two municipal waste combustors, two additional emissions speciations were utilized to
investigate the sensitivity of the deposition rates to the speciation.  These results are summarized in
Table 5-19.
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Table 5-19
Sensitivity of Total Mercury Deposition Rate to Emissions Speciation for 


Municipal Waste Combustors


Mercury % Hg0 % Hg2 Vapor % Hg2 Particulate Total Hg Total Hg
Emissions Deposition rate at Deposition
Scenario 2.5 km (ug/m /yr) rate at 10 km2


(ug/m /yr)2


LMWC_A 30 50 20 46.0 18.1


LMWC_B (used 60 30 10 26.7 11.2
in analyses)


LMWC_C 90 10 0 9.46 4.19


SMWC_A 30 50 20 8.15 2.47


SMWC_B (used 60 30 10 4.98 1.54
in analyses)


SMWC_C 90 10 0 1.81 0.62


The results are qualitatively similar for both facilities: the predicted total mercury deposition rate
is roughly proportional to the fraction of emissions that is assumed to be divalent mercury vapor.  This
indicates the significance of the assumption regarding emissions speciation for these facilities.


5.3.4.4 Effect of Terrain on Results of Local Scale Modeling


The ISC3 modeling in this report has assumed that the model plants were placed in simple
terrain, with the receptors all located at the same elevation as the stack base.  In reality, many of these
emission sources may actually be located in rolling topography, which may ultimately affect the
predicted media concentrations near the facility.  In this section a limited analysis of the effect of terrain
on the total deposition of mercury is reported.  


For this analysis, the ISC3 model was run with receptors located at the following heights: same
height as stack base, half the height of the stack, the same height as the stack, and 1.5 times the height of
the stack.  Analyses were made at 2.5 km, 10.0 km, and 25.0 km northeast of a large municipal waste
combustor (variant b, with 60% elemental mercury, 30% divalent mercury vapor, and 10% divalent
mercury in particulates) located at the eastern site.  The direction of maximum deposition for this site is
northeast of the plant, and the stack height for this model plant is 70.104 meters.   At each receptor
location (three distances and four elevations), the total depositions were combined for elemental mercury
and for divalent mercury both in the vapor and particulate forms.  It is important to realize that the total
depositions evaluated in this analysis included both wet and dry depositions.  Table 5-20 shows the
extent of the increase observed in total deposition with increase in elevation at each of the 3 distances
from the stack.   This table shows the dimensionless ratio of the predicted value at a given height and the
predicted value for a receptor at the same elevation as the stack base.   The value for height of 0, yielding
a ratio of 1.0, is included to make the meaning of the ratio explicitly clear.  
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Table 5-20
Ratios of Total Deposition of Mercury at Receptors at Different Elevations 


to Total Deposition when the Elevation is Zero


Elevation of receptor                      Calculated for the following three distances
in meters 2.5 km from stack     10.0 km from stack      25.0 km from stack


0     1.00 1.00 1.00


35.052  (i.e. half stack height) 1.48 1.26 1.13


70.104   (i.e., stack height) 1.81 1.47 1.27


105.156 (i.e., 1.5 x stack height) 2.79 1.72 1.36


At 25 km, the difference as a function of receptor height is not as extreme because more
dispersion has occurred:  the vertical change in air concentrations is not as great as it is for closer
receptors, thereby resulting in less deposition.   The maximum increase noted, which is at 2.5 km, is less
than three fold. 
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6. WATERSHED FATE AND TRANSPORT MODELING


6.1 Overview


The purpose of this section is to present the summary results for the watershed fate and transport
modeling.  In section 6.2 the watershed results are summarized for the pre-anthropogenic and current
condition periods.  The results of the latter analysis are used as the initial conditions for evaluating the
potential impact of the model plants considered in this report that emit mercury.  In section 6.3,  selected
watershed/waterbody output are presented for all model plants.  In section 6.4, the results of sensitivity
analyses conducted with the IEM-2M model are discussed.


6.2 Watershed and Waterbody Results for Pre-Anthropogenic Mercury Cycle and the Current 
Mercury Cycle


Mercury has always been an environmental constituent.  Table 6-1 compares pre-anthropogenic
and current cycle values for average air concentrations and average annual deposition rates for the
hypothetical Eastern and Western U.S.  Table 6-2 lists predicted total mercury concentrations in the
watershed soils, grain, the water column, and trophic level 4 fish for both sites. Predicted concentrations
at the eastern site are higher than those in the West.  This is the result of higher estimated deposition
rates due to differences in annual precipitation rates. Over 90% of the total mercury in grain and soils is
predicted to be the inorganic divalent species. Over 80% of the total mercury in the water column is
predicted to be inorganic divalent. All of the mercury in trophic level 4 fish is methylated.


The predictions of the IEM-2M model for the pre-anthropogenic mercury cycle were used as
inputs to the current cycle. Table 6-3 lists the results for the current cycle. These values were used as
inputs to the Local Scale Analysis. The predictions for the western site are much lower than those for the
eastern site.


Table 6-1
Assumed Mercury Air Concentrations and Atmospheric Deposition Rates for Pre-Anthropogenic


and Current Conditions


Eastern Site Western Site


Period Air Concentration Annual Deposition Air Annual
ng/m Rate Concentration Deposition Rate3


µg/m /yr ng/m µg/m /yr2 3 2


pre- 0.5 3 0.5 1
Anthropogenic


Current Cycle 1.6 10 1.6 2
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Table 6-2
Total Mercury Concentrations Predicted by IEM-2M Model for the 


Pre-Anthropogenic Time Period


Media Eastern Site Western Site


 watershed soils (ng/g) 14 4


grain (ng/g) 0.6 0.5


Dissolved water column(ng/L) 0.3 0.1


Trophic level 4 fish ppm 0.13 0.04


Table 6-3
Total Mercury Concentrations Predicted by IEM-2M Model for the Current 


(Post-Industrial) Time Period


Media Eastern Site Western Site


 watershed soils (ng/g) 47 8


grain (ng/g) 2 1.6


Dissolved water column(ng/L) 0.9 0.2


Trophic level 4 fish ppm 0.44 0.09


6.3 Watershed/Waterbody Model Results for Local Scale Analysis


Tables 6-4 through 6-7 show selected results for all facilities at both sites, using both the
RELMAP 50th and 90th percentiles.  The columns labeled �background� represent the fraction of the
total value that were predicted prior to modeling the facility.  For example, for the eastern site the total
predicted watershed soil concentration assumed before the facility was modeled was 47 ng/g (see Table
6-3 above).  When the facility and RELMAP are modeled for an additional 30 years, the predicted soil
concentration at 2.5 km is 102 ng/g; the �percent background� is 46 percent.  Similarly, the �percent
RELMAP� is the ratio of the value predicted using RELMAP for 30 years without the facility, with the
total value (using the same initial conditions; i.e., Table 6-3).  The �percent ISC� is the remaining
fraction.


For all facilities, the contribution of the local source decreases as the distance from the facility
increases.  With the exception of the chlor-alkali plant, the facilities are generally predicted to contribute
less than 50% to the total watershed soil concentration, with regional anthropogenic sources contributing
up to 15% for the RELMAP 50th percentiles and up to 60% for the RELMAP 90th percentiles.  


The results for the methylmercury water concentrations and trophic level 4 fish concentrations
show a slightly higher contribution from the local sources.  While the fractions are similar to those for
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watershed soil since the watershed serves as a mercury source for the waterbody, these values are
slightly higher due to the direct deposition onto the waterbody.


The predicted fruit, leafy vegetable, and beef concentrations are generally dominated by the
background values.  For plants, these products are assumed to take up most of the mercury from the air,
and therefor the local source usually does not impact the local air concentrations significantly.  The
exception is the chlor-alkali plant for which the low stack results in higher mercury air concentrations. 
The results for the beef concentrations are similar; however, there is a slightly higher contribution from
the local source because the cattle are exposed through the ingestion of soil.
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Table 6-4
Predicted Values for Eastern Site (Local + RELMAP 50th)


Watershe %Backgr %RelMap %ISC MHg Tier 4 %Backgr %RelMap %ISC Total Hg %Backgr %RelMap %ISC Total Hg %Backgr %RelMap %ISC Total Hg %Backgr %RelMap %ISC
d Soil ound Dissolved Fish MHg ound Fruit ound Leafy ound Beef ound


Concentra Water Concentra Concentra Vegetable Concentra
tion (ng/g) Conc.(ng/l tion (ug/g) tion (ng/g) Concentra tion (ng/g)


) tion (ng/g)


Variant b:Large Municipal Waste 2.5 km 1.0E+02 46% 8% 47% 1.7E-01 1.1E+00 38% 7% 54% 3.5E+01 92% 4% 4% 3.4E+01 91% 4% 4% 8.6E+00 87% 4% 9%
Combustor


10 km 7.4E+01 63% 11% 26% 1.1E-01 7.6E-01 58% 11% 31% 3.4E+01 93% 4% 3% 3.3E+01 93% 4% 3% 8.2E+00 90% 5% 5%


25 km 6.1E+01 76% 13% 11% 8.9E-02 6.0E-01 73% 14% 13% 3.4E+01 95% 4% 1% 3.3E+01 94% 4% 2% 8.0E+00 93% 5% 2%


Variant b:Small Municipal Waste 2.5 km 6.3E+01 74% 12% 14% 9.5E-02 6.4E-01 68% 13% 18% 3.4E+01 95% 4% 1% 3.3E+01 95% 4% 1% 8.0E+00 93% 5% 2%
Combustor


10 km 5.7E+01 82% 14% 5% 8.2E-02 5.6E-01 79% 15% 6% 3.4E+01 95% 4% 1% 3.3E+01 95% 4% 1% 7.9E+00 94% 5% 1%


25 km 5.5E+01 85% 14% 1% 7.9E-02 5.3E-01 83% 16% 2% 3.4E+01 96% 4% 0% 3.3E+01 96% 4% 0% 7.8E+00 95% 5% 0%


Large Commercial HMI 2.5 km 6.2E+01 75% 12% 13% 9.6E-02 6.5E-01 68% 13% 19% 3.4E+01 95% 4% 1% 3.3E+01 95% 4% 1% 8.0E+00 93% 5% 2%


10 km 5.6E+01 84% 14% 2% 8.0E-02 5.4E-01 82% 16% 3% 3.4E+01 96% 4% 0% 3.3E+01 95% 4% 0% 7.8E+00 95% 5% 0%


25 km 5.5E+01 85% 14% 1% 7.8E-02 5.3E-01 83% 16% 1% 3.4E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


Large Hospital HMI 2.5 km 1.1E+02 44% 7% 48% 1.9E-01 1.3E+00 34% 6% 60% 3.5E+01 92% 4% 4% 3.4E+01 91% 4% 5% 8.6E+00 86% 4% 10%


10 km 6.3E+01 74% 12% 14% 9.4E-02 6.4E-01 69% 13% 18% 3.4E+01 95% 4% 1% 3.3E+01 95% 4% 1% 8.0E+00 93% 5% 2%


25 km 5.7E+01 82% 14% 4% 8.1E-02 5.5E-01 80% 15% 5% 3.4E+01 96% 4% 0% 3.3E+01 95% 4% 0% 7.9E+00 95% 5% 1%


Small Hospital HMI 2.5 km 5.8E+01 81% 13% 6% 8.5E-02 5.8E-01 76% 15% 9% 3.4E+01 96% 4% 0% 3.3E+01 95% 4% 0% 7.9E+00 94% 5% 1%


10 km 5.5E+01 85% 14% 1% 7.8E-02 5.3E-01 83% 16% 1% 3.4E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


25 km 5.5E+01 86% 14% 0% 7.8E-02 5.3E-01 84% 16% 0% 3.3E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


Large Hospital HMI (wet scrubber) 2.5 km 5.6E+01 84% 14% 3% 8.1E-02 5.5E-01 80% 15% 4% 3.4E+01 96% 4% 0% 3.3E+01 96% 4% 0% 7.8E+00 95% 5% 0%


10 km 5.5E+01 85% 14% 0% 7.8E-02 5.3E-01 84% 16% 1% 3.3E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


25 km 5.5E+01 86% 14% 0% 7.7E-02 5.3E-01 84% 16% 0% 3.3E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


Small Hospital HMI (wet scrubber) 2.5 km 5.5E+01 86% 14% 0% 7.8E-02 5.3E-01 84% 16% 0% 3.3E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


10 km 5.4E+01 86% 14% 0% 7.7E-02 5.3E-01 84% 16% 0% 3.3E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


25 km 5.4E+01 86% 14% 0% 7.7E-02 5.3E-01 84% 16% 0% 3.3E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


Large Coal-fired Utility Boiler 2.5 km 8.1E+01 58% 10% 33% 1.3E-01 9.1E-01 48% 9% 42% 3.4E+01 95% 4% 1% 3.3E+01 95% 4% 1% 8.1E+00 92% 5% 4%


10 km 5.9E+01 79% 13% 8% 8.6E-02 5.9E-01 75% 14% 10% 3.4E+01 96% 4% 0% 3.3E+01 95% 4% 0% 7.9E+00 94% 5% 1%


25 km 5.6E+01 83% 14% 3% 8.0E-02 5.5E-01 81% 15% 4% 3.4E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


Medium Coal-fired Utility Boiler 2.5 km 6.6E+01 71% 12% 18% 1.0E-01 6.9E-01 64% 12% 24% 3.4E+01 96% 4% 0% 3.3E+01 95% 4% 0% 8.0E+00 94% 5% 2%


10 km 5.8E+01 81% 13% 5% 8.3E-02 5.6E-01 78% 15% 7% 3.4E+01 96% 4% 0% 3.3E+01 95% 4% 0% 7.9E+00 95% 5% 1%


25 km 5.6E+01 84% 14% 3% 8.0E-02 5.4E-01 81% 16% 3% 3.4E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


Small Coal-fired Utility Boiler 2.5 km 5.7E+01 82% 14% 5% 8.3E-02 5.6E-01 79% 15% 6% 3.4E+01 96% 4% 0% 3.3E+01 95% 4% 0% 7.9E+00 95% 5% 1%


10 km 5.5E+01 84% 14% 2% 7.9E-02 5.4E-01 82% 16% 2% 3.4E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


25 km 5.5E+01 85% 14% 1% 7.8E-02 5.3E-01 83% 16% 1% 3.4E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


Medium OIl-fired Utility Boiler 2.5 km 5.5E+01 85% 14% 1% 7.8E-02 5.3E-01 83% 16% 1% 3.3E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


10 km 5.5E+01 86% 14% 0% 7.8E-02 5.3E-01 84% 16% 0% 3.3E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


25 km 5.5E+01 86% 14% 0% 7.7E-02 5.3E-01 84% 16% 0% 3.3E+01 96% 4% 0% 3.2E+01 96% 4% 0% 7.8E+00 95% 5% 0%


Chlor-alkali plant 2.5 km 4.5E+02 10% 2% 88% 1.0E+00 6.8E+00 6% 1% 92% 8.1E+01 39% 2% 59% 8.2E+01 38% 2% 60% 2.3E+01 33% 2% 65%


10 km 1.1E+02 43% 7% 50% 1.8E-01 1.2E+00 37% 7% 56% 4.3E+01 75% 3% 21% 4.2E+01 74% 3% 22% 1.0E+01 71% 4% 25%


25 km 6.8E+01 69% 11% 20% 1.0E-01 6.8E-01 65% 12% 23% 3.6E+01 88% 4% 8% 3.5E+01 88% 4% 8% 8.6E+00 86% 4% 9%
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Table 6-5
Predicted Values for Eastern Site (Local + RELMAP 90th)


Watershe %Backgr %RelMap %ISC MHg Tier 4 %Backgr %RelMap %ISC Total Hg %Backgr %RelMap %ISC Total Hg %Backgr %RelMap %ISC Total Hg %Backgr %RelMap %ISC
d Soil ound Dissolved Fish MHg ound Fruit ound Leafy ound Beef ound


Concentra Water Concentra Concentra Vegetable Concentra
tion (ng/g) Conc.(ng/l tion (ug/g) tion (ng/g) Concentra tion (ng/g)


) tion (ng/g)


Variant b:Large Municipal Waste2.5 km 1.2E+02 38% 24% 38% 2.0E-01 1.4E+00 32% 23% 45% 3.6E+01 89% 7% 4% 3.5E+01 88% 7% 4% 9.0E+00 82% 9% 9%
Combustor


10 km 9.5E+01 49% 31% 20% 1.5E-01 9.9E-01 44% 32% 23% 3.6E+01 90% 7% 3% 3.5E+01 90% 7% 3% 8.7E+00 86% 10% 5%


25 km 8.3E+01 56% 35% 8% 1.2E-01 8.4E-01 52% 38% 9% 3.5E+01 91% 7% 1% 3.4E+01 91% 7% 2% 8.4E+00 88% 10% 2%


Variant b:Small Municipal Waste 2.5 km 8.5E+01 55% 35% 10% 1.3E-01 8.8E-01 50% 36% 13% 3.5E+01 92% 7% 1% 3.4E+01 91% 7% 1% 8.4E+00 88% 10% 2%
Combustor


10 km 7.9E+01 59% 37% 3% 1.2E-01 8.0E-01 55% 40% 4% 3.5E+01 92% 7% 1% 3.4E+01 92% 8% 1% 8.3E+00 89% 10% 1%


25 km 7.7E+01 61% 38% 1% 1.1E-01 7.7E-01 57% 42% 1% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


Large Commercial HMI 2.5 km 8.4E+01 55% 35% 9% 1.3E-01 8.9E-01 50% 36% 14% 3.5E+01 92% 7% 1% 3.4E+01 91% 7% 1% 8.4E+00 88% 10% 2%


10 km 7.7E+01 60% 38% 2% 1.1E-01 7.8E-01 57% 41% 2% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


25 km 7.7E+01 61% 39% 0% 1.1E-01 7.7E-01 58% 42% 0% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


Large Hospital HMI 2.5 km 1.3E+02 37% 23% 40% 2.3E-01 1.5E+00 29% 21% 51% 3.6E+01 89% 7% 4% 3.5E+01 88% 7% 5% 9.1E+00 82% 9% 9%


10 km 8.5E+01 55% 35% 10% 1.3E-01 8.8E-01 50% 37% 13% 3.5E+01 92% 7% 1% 3.4E+01 91% 7% 1% 8.4E+00 88% 10% 2%


25 km 7.8E+01 60% 38% 3% 1.2E-01 7.9E-01 56% 41% 3% 3.5E+01 92% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 89% 10% 1%


Small Hospital HMI 2.5 km 8.0E+01 59% 37% 4% 1.2E-01 8.2E-01 54% 39% 7% 3.5E+01 92% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 89% 10% 1%


10 km 7.7E+01 61% 38% 1% 1.1E-01 7.7E-01 57% 42% 1% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


25 km 7.6E+01 61% 39% 0% 1.1E-01 7.6E-01 58% 42% 0% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


Large Hospital HMI (wet scrubber) 2.5 km 7.8E+01 60% 38% 2% 1.2E-01 7.9E-01 56% 41% 3% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


10 km 7.6E+01 61% 39% 0% 1.1E-01 7.7E-01 58% 42% 0% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


25 km 7.6E+01 61% 39% 0% 1.1E-01 7.6E-01 58% 42% 0% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


Small Hospital HMI (wet scrubber) 2.5 km 7.6E+01 61% 39% 0% 1.1E-01 7.6E-01 58% 42% 0% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


10 km 7.6E+01 61% 39% 0% 1.1E-01 7.6E-01 58% 42% 0% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


25 km 7.6E+01 61% 39% 0% 1.1E-01 7.6E-01 58% 42% 0% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


Large Coal-fired Utility Boiler 2.5 km 1.0E+02 45% 29% 26% 1.7E-01 1.1E+00 38% 28% 34% 3.5E+01 92% 7% 0% 3.4E+01 92% 7% 1% 8.6E+00 87% 10% 3%


10 km 8.1E+01 57% 36% 6% 1.2E-01 8.2E-01 54% 39% 7% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 89% 10% 1%


25 km 7.8E+01 60% 38% 2% 1.2E-01 7.8E-01 56% 41% 3% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


Medium Coal-fired Utility Boiler 2.5 km 8.8E+01 53% 34% 13% 1.4E-01 9.3E-01 48% 35% 18% 3.5E+01 92% 7% 0% 3.4E+01 92% 8% 0% 8.4E+00 88% 10% 2%


10 km 7.9E+01 59% 37% 4% 1.2E-01 8.0E-01 55% 40% 5% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 89% 10% 1%


25 km 7.8E+01 60% 38% 2% 1.1E-01 7.8E-01 57% 41% 2% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


Small Coal-fired Utility Boiler 2.5 km 7.9E+01 59% 37% 3% 1.2E-01 8.0E-01 55% 40% 5% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 89% 10% 1%


10 km 7.7E+01 60% 38% 1% 1.1E-01 7.8E-01 57% 41% 2% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


25 km 7.7E+01 61% 39% 0% 1.1E-01 7.7E-01 58% 42% 1% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


Medium OIl-fired Utility Boiler 2.5 km 7.7E+01 61% 39% 0% 1.1E-01 7.7E-01 58% 42% 1% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


10 km 7.6E+01 61% 39% 0% 1.1E-01 7.6E-01 58% 42% 0% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


25 km 7.6E+01 61% 39% 0% 1.1E-01 7.6E-01 58% 42% 0% 3.5E+01 93% 7% 0% 3.4E+01 92% 8% 0% 8.3E+00 90% 10% 0%


Chlor-alkali plant 2.5 km 4.8E+02 10% 6% 84% 1.0E+00 7.1E+00 6% 5% 89% 8.2E+01 39% 3% 58% 8.3E+01 38% 3% 59% 2.3E+01 32% 4% 64%


10 km 1.3E+02 36% 23% 41% 2.1E-01 1.4E+00 31% 22% 47% 4.4E+01 73% 6% 21% 4.3E+01 72% 6% 22% 1.1E+01 68% 8% 24%


25 km 9.0E+01 52% 33% 15% 1.4E-01 9.2E-01 48% 35% 17% 3.7E+01 86% 7% 8% 3.6E+01 85% 7% 8% 9.0E+00 82% 9% 9%
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Table 6-6
Predicted Values for Western Site (Local + RELMAP 50th)


Watershe %Backgro %RelMap %ISC MHg Tier 4 %Backgr %RelMap %ISC Total Hg %Backgr %RelMap %ISC Total Hg %Backgr %RelMap %ISC Total Hg %Backgr %RelMap %ISC
d Soil und Dissolved Fish MHg ound Fruit ound Leafy ound Beef ound


Concentr Water Concentra Concentra Vegetable Concentra
ation Conc.(ng/l tion (ug/g) tion (ng/g) Concentra tion (ng/g)
(ng/g) ) tion (ng/g)


Variant b:Large Municipal Waste2.5 km 3.8E+01 20% 1% 79% 8.8E-02 6.0E-01 15% 1% 84% 3.3E+01 96% 1% 3% 3.2E+01 96% 1% 3% 7.7E+00 92% 1% 7%
Combustor


10 km 2.3E+01 33% 2% 65% 5.5E-02 3.7E-01 24% 2% 74% 3.2E+01 97% 1% 2% 3.2E+01 97% 1% 2% 7.5E+00 95% 1% 4%


25 km 1.3E+01 56% 4% 40% 2.7E-02 1.9E-01 48% 4% 48% 3.2E+01 98% 1% 1% 3.2E+01 98% 1% 1% 7.3E+00 97% 1% 2%


Variant b:Small Municipal Waste 2.5 km 1.4E+01 53% 4% 44% 3.3E-02 2.3E-01 40% 3% 57% 3.2E+01 98% 1% 1% 3.2E+01 98% 1% 1% 7.3E+00 97% 1% 2%
Combustor


10 km 9.9E+00 76% 5% 18% 1.9E-02 1.3E-01 68% 6% 26% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 98% 1% 1%


25 km 8.6E+00 87% 6% 6% 1.6E-02 1.1E-01 84% 7% 9% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


Large Commercial HMI 2.5 km 1.4E+01 53% 4% 43% 3.4E-02 2.3E-01 39% 3% 58% 3.2E+01 98% 1% 1% 3.2E+01 98% 1% 1% 7.3E+00 97% 1% 2%


10 km 8.9E+00 85% 6% 9% 1.7E-02 1.1E-01 80% 7% 14% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


25 km 8.3E+00 91% 6% 2% 1.5E-02 1.0E-01 89% 8% 3% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


Large Hospital HMI 2.5 km 4.8E+01 16% 1% 83% 1.4E-01 9.6E-01 9% 1% 90% 3.3E+01 96% 1% 3% 3.3E+01 95% 1% 4% 7.8E+00 91% 1% 8%


10 km 1.4E+01 54% 4% 42% 3.1E-02 2.1E-01 42% 4% 54% 3.2E+01 98% 1% 1% 3.2E+01 98% 1% 1% 7.3E+00 97% 1% 2%


25 km 9.6E+00 79% 5% 16% 1.8E-02 1.2E-01 73% 6% 20% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 98% 1% 0%


Small Hospital HMI 2.5 km 1.1E+01 71% 5% 24% 2.3E-02 1.5E-01 58% 5% 37% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 98% 1% 1%


10 km 8.4E+00 90% 6% 4% 1.5E-02 1.0E-01 87% 7% 6% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


25 km 8.2E+00 93% 6% 1% 1.4E-02 9.8E-02 91% 8% 1% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


Large Hospital HMI (wet scrubber) 2.5 km 9.2E+00 82% 6% 12% 1.8E-02 1.2E-01 73% 6% 20% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


10 km 8.2E+00 92% 6% 2% 1.5E-02 1.0E-01 90% 8% 3% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


25 km 8.1E+00 93% 6% 0% 1.4E-02 9.8E-02 92% 8% 1% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


Small Hospital HMI (wet scrubber) 2.5 km 8.2E+00 93% 6% 1% 1.5E-02 9.9E-02 91% 8% 2% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


10 km 8.1E+00 93% 6% 0% 1.4E-02 9.7E-02 92% 8% 0% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


25 km 8.1E+00 94% 6% 0% 1.4E-02 9.7E-02 92% 8% 0% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


Large Coal-fired Utility Boiler 2.5 km 1.4E+01 55% 4% 42% 3.1E-02 2.1E-01 43% 4% 53% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 98% 1% 1%


10 km 9.9E+00 76% 5% 19% 1.9E-02 1.3E-01 70% 6% 24% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


25 km 9.8E+00 78% 5% 17% 1.8E-02 1.2E-01 73% 6% 21% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


Medium Coal-fired Utility Boiler 2.5 km 1.1E+01 66% 5% 29% 2.3E-02 1.5E-01 58% 5% 37% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 98% 1% 1%


10 km 1.0E+01 73% 5% 22% 2.0E-02 1.4E-01 66% 6% 28% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 98% 1% 1%


25 km 9.5E+00 79% 5% 15% 1.8E-02 1.2E-01 74% 6% 19% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


Small Coal-fired Utility Boiler 2.5 km 9.8E+00 77% 5% 18% 1.9E-02 1.3E-01 70% 6% 24% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


10 km 8.8E+00 86% 6% 8% 1.6E-02 1.1E-01 81% 7% 13% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


25 km 8.3E+00 91% 6% 3% 1.5E-02 1.0E-01 88% 7% 4% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


Medium OIl-fired Utility Boiler 2.5 km 8.2E+00 92% 6% 2% 1.5E-02 1.0E-01 90% 8% 2% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


10 km 8.2E+00 92% 6% 1% 1.5E-02 9.9E-02 91% 8% 2% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


25 km 8.1E+00 93% 6% 1% 1.4E-02 9.8E-02 92% 8% 1% 3.2E+01 99% 1% 0% 3.1E+01 99% 1% 0% 7.2E+00 99% 1% 0%


Chlor-alkali plant 2.5 km 3.2E+02 2% 0% 97% 1.0E+00 6.9E+00 1% 0% 99% 7.2E+01 44% 0% 56% 7.3E+01 43% 0% 57% 1.9E+01 36% 0% 63%


10 km 4.5E+01 17% 1% 82% 1.2E-01 8.0E-01 11% 1% 88% 3.8E+01 83% 1% 16% 3.8E+01 82% 1% 17% 8.9E+00 79% 1% 20%


25 km 1.8E+01 43% 3% 54% 3.7E-02 2.5E-01 36% 3% 61% 3.4E+01 93% 1% 6% 3.3E+01 93% 1% 6% 7.7E+00 92% 1% 7%
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Table 6-7
Predicted Values for Western Site (Local + RELMAP 90th)


Watershe %Backgr %RelMap %ISC MHg Tier 4 %Backgr %RelMap %ISC Total Hg %Backgr %RelMap %ISC Total Hg %Backgr %RelMap %ISC Total Hg %Backgr %RelMap %ISC
d Soil ound Dissolved Fish MHg ound Fruit ound Leafy ound Beef ound


Concentra Water Concentra Concentra Vegetable Concentra
tion (ng/g) Conc.(ng/l tion (ug/g) tion (ng/g) Concentra tion (ng/g)


) tion (ng/g)


Variant b:Large Municipal Waste2.5 km 4.7E+01 16% 21% 63% 1.1E-01 7.3E-01 12% 19% 68% 3.3E+01 94% 3% 3% 3.3E+01 94% 3% 3% 7.9E+00 90% 4% 7%
Combustor


10 km 3.2E+01 24% 31% 46% 7.5E-02 5.1E-01 18% 28% 54% 3.3E+01 95% 3% 2% 3.3E+01 95% 3% 2% 7.7E+00 92% 4% 4%


25 km 2.3E+01 33% 43% 24% 4.7E-02 3.2E-01 28% 45% 28% 3.3E+01 96% 3% 1% 3.2E+01 96% 3% 1% 7.5E+00 94% 4% 2%


Variant b:Small Municipal Waste 2.5 km 2.4E+01 32% 41% 27% 5.3E-02 3.6E-01 25% 39% 36% 3.2E+01 97% 3% 1% 3.2E+01 96% 3% 1% 7.5E+00 95% 4% 2%
Combustor


10 km 1.9E+01 39% 51% 9% 3.9E-02 2.7E-01 34% 53% 13% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 1%


25 km 1.8E+01 42% 55% 3% 3.5E-02 2.4E-01 37% 59% 4% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


Large Commercial HMI 2.5 km 2.3E+01 32% 42% 26% 5.4E-02 3.6E-01 25% 39% 36% 3.3E+01 96% 3% 1% 3.2E+01 96% 3% 1% 7.5E+00 94% 4% 2%


10 km 1.8E+01 42% 54% 4% 3.6E-02 2.5E-01 36% 58% 6% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


25 km 1.8E+01 43% 56% 1% 3.5E-02 2.4E-01 38% 61% 1% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


Large Hospital HMI 2.5 km 5.7E+01 13% 17% 70% 1.6E-01 1.1E+00 8% 13% 79% 3.3E+01 94% 3% 3% 3.3E+01 93% 3% 4% 8.0E+00 88% 4% 8%


10 km 2.3E+01 32% 42% 25% 5.1E-02 3.5E-01 26% 41% 33% 3.2E+01 97% 3% 1% 3.2E+01 96% 3% 1% 7.5E+00 95% 4% 2%


25 km 1.9E+01 40% 52% 8% 3.8E-02 2.6E-01 35% 55% 10% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


Small Hospital HMI 2.5 km 2.0E+01 38% 49% 13% 4.3E-02 2.9E-01 31% 49% 20% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 95% 4% 1%


10 km 1.8E+01 43% 55% 2% 3.5E-02 2.4E-01 38% 60% 3% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


25 km 1.7E+01 43% 56% 0% 3.4E-02 2.3E-01 38% 61% 1% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


Large Hospital HMI (wet scrubber) 2.5 km 1.9E+01 41% 53% 6% 3.8E-02 2.6E-01 35% 55% 10% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


10 km 1.8E+01 43% 56% 1% 3.5E-02 2.3E-01 38% 61% 1% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


25 km 1.7E+01 43% 56% 0% 3.4E-02 2.3E-01 39% 61% 0% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


Small Hospital HMI (wet scrubber) 2.5 km 1.7E+01 43% 56% 0% 3.4E-02 2.3E-01 38% 61% 1% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


10 km 1.7E+01 44% 56% 0% 3.4E-02 2.3E-01 39% 61% 0% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


25 km 1.7E+01 44% 56% 0% 3.4E-02 2.3E-01 39% 61% 0% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


Large Coal-fired Utility Boiler 2.5 km 2.3E+01 33% 42% 25% 5.0E-02 3.4E-01 26% 42% 32% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 95% 4% 1%


10 km 1.9E+01 39% 51% 10% 3.9E-02 2.6E-01 34% 54% 12% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


25 km 1.9E+01 40% 52% 9% 3.8E-02 2.6E-01 35% 55% 10% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


Medium Coal-fired Utility Boiler 2.5 km 2.1E+01 37% 47% 16% 4.3E-02 2.9E-01 31% 49% 20% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 1%


10 km 2.0E+01 39% 50% 11% 4.0E-02 2.7E-01 33% 53% 14% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 1%


25 km 1.9E+01 40% 52% 8% 3.8E-02 2.6E-01 35% 56% 9% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


Small Coal-fired Utility Boiler 2.5 km 1.9E+01 40% 51% 9% 3.9E-02 2.6E-01 34% 54% 12% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


10 km 1.8E+01 42% 54% 4% 3.6E-02 2.5E-01 36% 58% 6% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


25 km 1.8E+01 43% 56% 1% 3.5E-02 2.4E-01 38% 60% 2% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


Medium OIl-fired Utility Boiler 2.5 km 1.8E+01 43% 56% 1% 3.4E-02 2.3E-01 38% 61% 1% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


10 km 1.7E+01 43% 56% 1% 3.4E-02 2.3E-01 38% 61% 1% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


25 km 1.7E+01 43% 56% 0% 3.4E-02 2.3E-01 38% 61% 0% 3.2E+01 97% 3% 0% 3.2E+01 97% 3% 0% 7.4E+00 96% 4% 0%


Chlor-alkali plant 2.5 km 3.3E+02 2% 3% 95% 1.0E+00 7.1E+00 1% 2% 97% 7.2E+01 43% 1% 56% 7.3E+01 42% 1% 56% 2.0E+01 36% 1% 62%


10 km 5.4E+01 14% 18% 68% 1.4E-01 9.4E-01 10% 15% 75% 3.8E+01 82% 2% 16% 3.8E+01 81% 2% 17% 9.2E+00 77% 3% 19%


25 km 2.7E+01 28% 36% 35% 5.7E-02 3.9E-01 23% 37% 40% 3.4E+01 91% 3% 6% 3.4E+01 91% 3% 6% 7.9E+00 89% 4% 7%
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6.4 Variability and Sensitivity Analysis


The main thrust of this chapter has been to establish a plausible link between mercury emissions
and mercury concentrations in soil, surface water bodies, and fish.  It is well established, however, that
watershed and water body characteristics significantly influence these concentrations as well.  Several
reports document variability among water bodies within a region in which atmospheric deposition is
presumably constant (Watras, et al., 1995, Schofield, et al., 1994, Verta and Matilainen, 1995, Hurley et
al., 1995, St. Louis et al., 1996).


To explore the effects of watershed and water body characteristics on mercury levels, a series of
model variability and sensitivity analyses were performed.  Variability analyses were used to determine
an expected range of mercury concentrations in soil, water, and fish due to a reasonable range of
watershed or water body characteristics.   These analyses presented the opportunity to benchmark the
IEM-2M water body module against the independently-derived R-MCM (Harris, et al., 1996), which is
described below.  Calculated input and output from the two models are compared in several tables.  This
exercise provides a degree of model verification testing for IEM-2M.


Sensitivity analyses were conducted to better understand the importance of various model
parameters.  First, a representative base simulation was run and calculated concentrations were noted. 
Next, a series of sensitivity simulations were run, each with a single model parameter increased or
decreased by 50%.  The resulting changes in calculated concentrations were noted.  The model sensitivity
to a parameter change is defined as the relative change in the mercury concentration divided by the
relative change in the parameter value, and is expressed as a percentage:


where:
     �(x,p) = sensitivity of model output “x” to parameter “p” (percent)


x = model output of interest, such as total water column mercury concentration
p = model parameter being varied
X = calculated value of model output in base simulationB


X = calculated value of model output for a change in parameter “p”�p


p = model parameter value in base simulationB


p = model parameter value in sensitivity simulation�


The calculated concentrations of interest are the total mercury concentration in soil, the total mercury
concentration in the water column, and the predatory (trophic level 4) fish concentration.  Model
sensitivity results are summarized in tables, in which model parameters are presented in the order of their
sensitivity and grouped into four categories: extra strongly sensitive (> 100%), strongly sensitive (50% -
99%), moderately sensitive (25% - 49%), and weakly sensitive (<25%).
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6.4.1 Variability and Parameter Sensitivity Analysis for IEM-2M


6.4.1.1 Description of Base Simulation and Analysis of Variability


The IEM-2M is set up to represent a shallow drainage lake and its adjoining watershed.   For the
model sensitivity analysis, we used the environmental parameters for the eastern lake scenario, as
summarized in Table 6-8.  The atmospheric deposition flux of 10 �g/m -yr represents a typical2


preindustrial loading.  Because the model is linear with respect to loading, the choice of atmospheric
deposition does not affect the analysis of model sensitivity.


For the model parameters shown, IEM-2M predicts a steady-state total soil concentration of 46.8
ng/g.  The total water column concentration is 1.16 ng/L, 7% of which is methyl mercury. 
Concentrations in prey and predator fish are 100 and 440 ng/g, respectively.


Several sets of model simulations were conducted to explore how variable watershed
characteristics affect mercury concentrations in the lake. Three major watershed characteristics are
expected to influence mercury levels: watershed size, watershed erosion potential, and soil mercury
retention.  


Variability due to watershed size -- In the first set of simulations, watershed size was varied from 10%
of the lake surface area to 50 times the lake surface area (0.25 - 125 km ).  The sediment delivery ratio2


was adjusted for watershed size following the Vanoni (1975) relationship as presented in Mills et al.
(1985).  Results are summarized in Table 6-9.


As watershed size increases by a factor of 500, average soil concentrations increase by a factor of
2 because smaller sediment delivery ratios from larger surface areas yield lower net erosion loss rates
from the watershed.  Similarly, while erosion loads of mercury from the watershed increase by a factor of
500, water body concentrations increase by a factor of just over 2.  This is because the increased load of
solids to the water body causes increased settling and burial loss of mercury from the water body. 
Furthermore, the higher solids levels cause lower dissolved MHg fractions and thus lower bioavailability
of the mercury.  Consequently, fish levels increase by less than a factor of 2.  Large variations in
watershed size, then, should cause small but significant variations in water body mercury levels.
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Table 6-8
General Properties of the IEM-2M Eastern Lake


Water Body


Volume 1.245 × 10  m7 3


Surface Area 2.49 × 10  m6 2


Average Depth 5 m


Advective Flow 0.46 m /sec3


Upper Sediment Depth 0.02 m


Solids Density 1.5 g/mL


Benthic Porosity 0.95


Primary Productivity 100 mg-C/m -day2


Biotic Solids Settling Velocity 0.2 m/day


Abiotic Solids Settling Velocity 2 m/day


Biotic Solids Concentration (calculated) 0.7 mg/L


Abiotic Solids Concentration (calculated) 1.2 mg/L


Watershed


Atmospheric Deposition 10 �g/m -yr2


Watershed Area 3.74 × 10  m7 2


Watershed Soil Depth 0.01 m


Soil Dry Density 1.4 g/mL


Soil Moisture Content 0.1


Precipitation 0.8 m/yr


Runoff 0.18 m/yr


Erosivity Factor (R) 200 yr-1


Erodibility Factor (K) 0.3 tons/acre


Topographic Factor (LS) 2.5


Cover Management Factor (C) 0.006


Sediment Delivery Ratio 0.2


Enrichment Ratio 2







Xe � 1.29� (R�1.735)� K � LS� C
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Table 6-9
Effect of Watershed Size on Total Mercury Concentrations


Watershed Size, km : 0.25 2.5 12.5 37.3 124.52


Sediment Delivery Ratio: 0.5 0.3 0.22 0.18 0.12


Soil, ng/g 30 39 45 49 55


Water Column, ng/L 0.65 0.73 0.95 1.18 1.55


Sediment, ng/g 51 57 72 86 106


Predatory Fish, ng/g 330 360 430 460 460


Variability due to watershed erosion -- Watershed erosion is the major pathway of mercury transport
from soil to water body.  IEM-2M calculates soil erosion using the Universal Soil Loss Equations
(USLE), in which:


where:
X = soil erosion (tonnes/ha-yr)e


R = rainfall erosivity index (yr )-1


K = soil erosivity factor (tonnes/ha)
LS = topographic (slope-length) factor
C = cover-management factor
1.29 = units conversion factor
1.735 = units conversion factor for R


The default values for these parameters used in the IEM-2M eastern lake give a soil erosion value of 1.2
tonnes/ha-yr.  To explore the feasible range of values for X , five diverse watershed types were defined:e


A: Northern (R=100), sand (K=0.05), moderate slope (slope-length=3%-500 m, LS=0.66),
undisturbed forest (75% cover, C=0.001); X  = 0.0074 tonnes/ha-yr.e


B: Mideastern (R=175), sandy loam (K=0.24), hilly (slope-length=10%-100 m, LS=1.17),
undisturbed forest (75% cover, C=0.001); X  = 0.11 tonnes/ha-yr.e


C: Western (R=20), fine sand (K=0.16), moderate slope (slope-length=3%-500 m, LS=0.66),
brush and weeds (20% cover, C=0.2); X  = 0.95 tonnes/ha-yr.e


D: Southeastern (R=350), clay loam (K=0.25), hilly (slope-length=10%-100 m, LS=2.47), trees,
brush, and grass (80% cover, C=0.013); X  = 6.3 tonnes/ha-yr.e
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E: Midwestern (R=175), silty loam (K=0.42), moderate slope (slope-length=3%-500 m,
LS=0.66), row crops (C=0.4); X  = 43 tonnes/ha-yr.e


These watershed erosion characteristics were specified for the standard 12.43 km  watershed.  Calculated2


mercury concentrations are presented in Table 6-10.


Table 6-10
Effect of Watershed Erosion on Total Mercury Concentrations


Watershed (see text): A B C D E


Erosion Loss, tonnes/ha: 0.0072 0.11 0.95 6.3 43


Soil, ng/g 75 72 58 26 5


Water Column, ng/L 0.87 1.00 1.24 0.81 0.36


Sediment, ng/g 69 78 93 52 11


Predatory Fish, ng/g 450 510 560 190 20


As watershed erosion increases by a factor of 100 between watershed A and C, soil mercury
concentrations decline only slightly.  In this range, losses from soil due to reduction and volatilization are
more important than losses due to erosion.  Water body and fish concentrations increase slightly in
response to the large loading increase.  The large increases in mercury loading are partially
counterbalanced by increases in settling and burial loss.  As erosion losses increase by a factor of 50
between watershed C and E, soil concentrations decline by a factor of 10.  In this range, mercury losses
from soil due to erosion become important relative to the reduction and volatilization loss.  In response to
declining soil levels, water column concentrations decline by a factor of 4.  Fish concentrations decline
by a factor of 25 due to the lower water concentrations and the markedly lower bioavailable dissolved
fraction.  Variability in watershed erosion characteristics, then, is expected to cause significant variability
in water body mercury levels, particularly for more disturbed watersheds with high levels of erosion.


Variability due to soil mercury retention -- Soil mercury retention in a watershed depends upon
several transport and transformation processes, some of which are not well understood.  The IEM-2M
includes simple algorithms for leaching, runoff, and volatilization, which is driven by reduction of HgII. 
Erosion carries soil solids and associated mercury away from the watershed.  Leaching and runoff losses
of mercury are small because of its strong partitioning to solids.  The soil partition coefficient itself is a
relatively insensitive parameter.  Changes in its value do not significantly affect the absolute amount of
mercury lost from the upper soil layer.


Soil retention of mercury in IEM-2M, then, is controlled by reduction, which is formulated as a
first-order reaction in the upper 5 mm that is proportional to soil water content, as described in Appendix
B.  Rate constants characterizing a forest and a field, derived from data presented in Carpi and Lindberg
(1997) and Lindberg (1996), are 1×10  and 1.3×10  L/L -day, respectively.  A value of 5×10  L/L -day-4 -3 -4


w w


was selected for the base IEM-2M simulations.  To examine the water body response to variable soil
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mercury retention, reduction rate constants were varied from 5×10  to 5×10   L/L -day.  Resulting-5 -3
w


mercury concentrations are summarized in Table 6-11.


Table 6-11
Effect of Soil Mercury Retention on Total Mercury Concentrations


Reduction Rate Constant (day ): 0.00001 0.00025 0.0005 0.0025 0.005-1


Soil, ng/g 99 66 47 14 8


Water Column, ng/L 2.25 1.56 1.16 0.47 0.33


Sediment, ng/g 164 114 84 34 24


Predatory Fish, ng/g 880 600 440 170 110


As reduction rates increase 2 orders of magnitude, soil concentrations decrease by a factor of 10
and water body concentrations decrease by a factor of 8.  Soil retention of mercury, then, is an uncertain
component of watershed variability that could cause large variations in mercury response.


6.4.1.2 Sensitivity of Soil Mercury to Model Parameters


The relative sensitivity of mercury concentrations in the upper soil layer to the model parameters
is summarized in Table 6-12.   Total soil mercury is strongly sensitive to total atmospheric deposition. 
In these simulations, wetfall and dryfall are not separated.  Increases in loading lead to increases in total
mercury concentrations.   


The main loss pathway for soil mercury is volatilization of Hg , which is controlled by the HgII0


reduction rate.  This rate is proportional to the soil reduction rate constant and the soil moisture
content, which are both strongly sensitive parameters.  Increases in the rate constant or soil moisture lead
to strongly-increased loss rates and lower soil concentrations.


Soil erosion is another significant loss pathway for soil mercury.  Several model parameters
contribute to the calculation of bulk erosion, including rainfall erosivity , soil erodibility , the
topographic factor, the cover factor, and the sediment delivery ratio.  The enrichment ratio
contributes to the calculation of mercury concentrations on eroded soil.  Increases in these parameters
lead to moderately-increased loss rates and lower soil concentrations.  The soil-water partition coefficient
also contributes to the calculation of mercury concentrations on eroded soil.  Its value is high enough,
however, so that increases or decreases lead to only slightly higher or lower particulate soil
concentrations.


Mercury loss from runoff and leaching is relatively insignificant.  For this reason, model
parameters related to these processes, such as runoff curve number, are not sensitive.  On the other
hand, the exchange of gas phase Hg  is relatively rapid.  Moderate changes in model parameters0


contributing to this process, such as soil void fraction and atmospheric diffusivity, are insensitive.
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Table 6-12
IEM-2M Parameter Sensitivity  for Total Soil Mercury*


Model Parameter Eastern Lake


decrease increase


 Total Atmospheric Deposition -100 +100


Soil Water Content +82 -74


Soil Reduction Rate Constant +82 -45


Soil Enrichment Ratio +46 -32


Soil Erosion Factors +46 -32**


Soil Water Partition Coefficient - 8 +3


Soil Demethylation Rate Constant +2 - 1


Soil Methylation Rate Constant 0 0


Runoff Curve Number 0 0


Soil Void Fraction 0 0


Atmospheric Diffusivity 0 0


Sensitivity is expressed as relative change in total water column mercury concentration divided by the relative* 


change in the model parameter, in percent.
 Erosion factors include rainfall erosivity, soil erodibility, the topographic factor, the cover factor, and the**


sediment delivery ratio
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6.4.1.3 Sensitivity of Water Column Mercury to Model Parameters


The sensitivity of total mercury concentration in the water column to the model parameters is
summarized in Table 6-13.   Water column mercury is strongly sensitive to total atmospheric
deposition, which occurs over the watershed as well as directly onto the water body.  In these
simulations, wetfall and dryfall are not separated.  Increases in loading lead to increases in total mercury
concentrations.   


Water column mercury is strongly sensitive to loading from the watershed, including those
parameters that most influence soil mercury levels -- soil water content, the soil reduction rate
constant, and the soil enrichment ratio.  Increases in soil water content and the reduction rate constant
cause strong declines in soil concentrations, erosion loads, and water concentrations.  Increases in the
enrichment ratio cause moderate declines in soil concentration, but moderate increases in mercury
erosion loads and subsequent water concentrations.  While increased soil erosion factors might be
expected to cause higher erosion loading and water concentrations, the reduced soil concentrations and
increased water column settling loss actually lead to slightly lower water column concentrations. 
Decreases in soil erosion lead first to small increases in water concentrations.  Further large reductions in
soil erosion, however, lead to small reductions in water concentrations, as summarized in Table 6-10.


Mercury is lost from the water column through settling and volatilization.  Settling loss is
strongly influenced by the solids-water partition coefficient.  Increases in solids partitioning lead to
greater settling loss and moderately lower concentrations.  Decreases in solids partitioning are strongly
sensitive.  Settling velocities for biotic and abiotic solids are weakly sensitive parameters.  The water
column reduction rate constant controls the supply of Hg , and thus the volatile loss rate.   Increases in0


reduction lead to moderate decreases in water column mercury levels.  Wind speed directly contributes
to the volatilization rate, which is generally much faster than the reduction rate.  While increases in wind
speed cause almost insignificant declines in mercury levels, decreases in wind speed are more sensitive.


Benthic mercury fluxes are internal loadings that moderately affect water column concentrations. 
Increased sediment-pore water partition coefficients and decreased pore water diffusion coefficients
cause small declines in net pore water diffusive loading to the water column, and thus slightly lower
water concentrations.


6.4.1.4 Sensitivity of Fish Mercury to Model Parameters


The sensitivity of predatory fish mercury concentration to the IEM-2M model parameters is
summarized in Table 6-14.  The sensitivities of fish concentration and total water column concentration
are virtually identical for those parameters controlling atmospheric and watershed loading --
atmospheric deposition, soil water content, soil reduction rate constant, and soil enrichment ratio. 
Increases in loading cause strong increases in fish levels.  Increases in the soil erosion parameters,
however, cause moderate declines in fish levels not only because water concentrations are lowered, but
also because the increased solids concentrations cause lower fractions of dissolved MHg, which is
bioavailable. The watershed surface area has a similar effect on fish levels as the soil erosion
parameters because of the increased supply of solids.  The soil demethylation rate constant affects the
MHg fraction in the soil erosion loads.  Increased soil demethylation leads to lower MHg concentrations
and slightly lower fish concentrations.


The internal sediment-water column exchange processes can provide an important net source of
MHg to the water column.  The relatively low MHg partition coefficient in the upper sediment favors the
mobilization of MHg in the pore water.  Consequently, both the pore water diffusion coefficient and the
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Table 6-13
IEM-2M Parameter Sensitivity  for Total Water Column Mercury*


Model Parameter Eastern Lake


decrease increase


 Total Atmospheric Deposition -100 +100


Soil Water Content +69 -64


Solids-Water Partition Coefficient +74 -36


Soil Reduction Rate Constant +69 -40


Soil Enrichment Ratio -62 +41


Water Reduction Rate Constant +14 -29


Soil Erosion Factors +14 -19**


Sediment-Pore Water Partition Coefficient +22 -10


Biotic Solids Settling Velocity +12 -9


Abiotic Solids Settling Velocity + 14 -5


Dilution Flow +9 - 9


Watershed Surface Area - 10 +7


Pore Water Diffusion Coefficient - 10 +7


Wind Speed +12 -5


Sediment Mineralization Rate Constant -3 +2


Sediment Resuspension Velocity -3 +2


Sensitivity is expressed as relative change in total water column mercury concentration divided by the relative* 


change in the model parameter, in percent.
 Erosion factors include rainfall erosivity, soil erodibility, the topographic factor, the cover factor, and the**


sediment delivery ratio.
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Table 6-14
IEM-2M Parameter Sensitivity  for Predatory Fish Mercury*


Model Parameter Eastern Lake


decrease increase


 Total Atmospheric Deposition -100 +100


Soil Water Content +73 -64


Solids-Water Partition Coefficient +73 -41


Soil Reduction Rate Constant +73 -41


Soil Enrichment Ratio -64 +45


Pore Water Diffusion Coefficient - 45 +53


Sediment-Pore Water Partition Coefficient +64 -32


Soil Erosion Factors +50 -41**


Sediment Methylation Rate Constant -45 +45


Water Demethylation Rate Constant +50 -32


Water Methylation Rate Constant -32 +32


Sediment Demethylation Rate Constant + 36 -23


Soil Demethylation Rate Constant +41 - 14


Watershed Surface Area +27 -23


Benthic Solids Concentration -23 +18


Water Reduction Rate Constant +18 -14


Primary Productivity +18 -14


Dilution Flow +14 -14


Sensitivity is expressed as relative change in total water column mercury concentration divided by the relative* 


change in the model parameter, in percent.
Erosion factors include rainfall erosivity, soil erodibility, the topographic factor, the cover factor, and the sediment**


delivery ratio.
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sediment-pore water partition coefficient are strongly sensitive parameters affecting fish
concentrations.  Higher diffusion and lower sediment partitioning lead to increased diffusion of MHg to
the water column and higher fish concentrations. The sediment methylation and demethylation rate
constants are moderately sensitive parameters that control sediment MHg concentrations, and thus
loading to the water column and fish concentrations.


MHg is lost from the water column through demethylation and settling, and is gained in the water
column through methylation.  An increase in the solids-water partition coefficient leads to moderately-
increased settling loss of MHg, and thus moderately lower fish concentrations.   The water column
methylation and demethylation rate constants moderately influence the MHg concentrations, and thus
the levels of mercury in fish.  Increases in methylation and decreases in demethylation lead to higher fish
mercury concentrations.


6.4.2 Variability and Parameter Sensitivity Analysis for R-MCM


Given constant atmospheric mercury deposition, in-lake processes can lead to significant
variability in resulting mercury concentrations in water, sediment, and fish. To analyze the potential lake-
to-lake variability of mercury levels, we conducted a series of sensitivity analyses with the Regional
Mercury Cycling Model (R-MCM) (Harris, et al., 1996).  R-MCM is a steady-state model that explicitly
handles most of the factors affecting fish mercury levels in a mechanistic way.  Funded by the Electric
Power Research Institute (EPRI) and the Wisconsin Department of Natural Resources, R-MCM was
designed to examine and explain variations in mercury levels among lakes.  It is an extension of an
earlier dynamic model developed for a set of seven oligotrophic seepage lakes in Wisconsin (Hudson et
al., 1994).  The fish bioaccumulation compartments are based on equations from the Fish Bioenergetics
Model 2 (Hewett and Johnson, 1992).  The R-MCM has been developed and calibrated to data from
several lakes in Wisconsin, and can be considered descriptive of these and similar lakes.  While it is
presently being extended to lakes in other regions, it has not been validated for general nationwide use.


The Beta Version 1.0b (December 1996) version of the R-MCM was obtained from Tetra Tech,
Inc., with permission from EPRI, and used in these analyses.  


6.4.2.1 Overview of R-MCM


R-MCM is a compartment model that performs a steady-state mass balance for three mercury
components -- elemental mercury (Hg ), divalent mercury (HgII), and methyl mercury (MHg).  The lake0


is divided into two or three physical compartments, including epilimnion, hypolimnion (optional), and
surficial sediments.  A simple food chain is simulated, including phytoplankton and benthos at its base,
zooplankton, prey fish, and predator fish.  Fish are divided into year classes to which a set of
bioenergetics equations are applied.  Specified atmospheric mercury concentrations and fluxes drive the
simulations.


The model simulates a set of simple transport processes,  including atmospheric wetfall and
dryfall deposition, inflow and outflow through surface water or groundwater, sorption to biotic and
abiotic solids,  settling, resuspension, and burial of abiotic particles and sorbed mercury, volatile
exchange of dissolved and vapor phase mercury at the air-water boundary, and pore water exchange of
dissolved mercury at the sediment-water interface.  A set of equilibrium reactions is solved to calculate
the complexation of HgII and MHg with DOC and inorganic ligands.  The resulting speciation depends
on the specified environmental characteristics (i.e., pH, DOC, SO , Cl, solids) and the equilibrium4


constants and partition coefficients in the model database.  
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Abiotic solids, phytoplankton, and zooplankton concentrations are specified as model input
parameters, as are settling and burial velocities and benthic mineralization rate constants.  Bulk density is
calculated internally from specified porosity and solids density.  Resuspension velocities are computed
using a solids mass balance.


Next, R-MCM solves a set of transformation reactions, including reduction in the water column
and methylation and demethylation in the water column and sediments.  Reduction is modeled as a first-
order rate applied to dissolved Hg(OH) , and so is pH-dependent.  Higher pH values favor this species,2


and so promote reduction.  Water column and sediment methylation are modeled as second-order rates
applied to all dissolved HgII species.  The water column methylation rate constant is multiplied by the
DOC concentration, while the sediment rate constant is multiplied by the sediment TOC concentration. 
The rates are further modified by a temperature correction function that is based on the maximum
monthly temperature, and a Monod function that represents the stimulating effect of sulfate on
methylation.  The temperature function doubles the methylation rate for every 10�C increase above
15�C.  The sulfate function is disabled as a default option in this version of R-MCM.  Apparently,
differences in sulfate concentrations among the set of Wisconsin lakes were not enough to require the use
of this function to describe differences in lake methylation rates.  Demethylation in the water column is
modeled as a second-order rate applied to dissolved MHg species.  The water surface demethylation rate
constant is multiplied by the average sunlight, and then attenuated throughout the water column using a
light extinction coefficient to obtain a depth-averaged rate.  Demethylation in the sediments is modeled
as a second-order rate applied to the dissolved MHg species in pore water.  The rate constant is
multiplied by the sediment TOC concentration, but is not temperature-corrected.


Finally, R-MCM solves a set of bioenergetics and biouptake equations to calculate the
bioaccumulation of mercury in a 5-component food web containing phytoplankton, zooplankton, benthos,
prey fish, and predatory fish.  The fish bioenergetics equations are based on the Fish Bioenergetics
Model 2.  These are used to calculate the energy requirements for growth and metabolism, from which
consumption, excretion, and gill exchange are derived.  These rates are coupled with mercury
concentrations in the water and the diet to calculate mercury food chain fluxes and concentrations.  Up to
10 individual year-classes of prey and predator fish with different diets are simulated.  The default fish
species of yellow perch and walleye were used here. The model output reports mercury concentrations in
1-year old prey fish and in 5-year old predatory fish.


6.4.2.2 Analysis of In-Lake Variability in Mercury Levels


Representations of several Wisconsin lakes are available in the R-MCM database.  To examine
the effects of water body characteristics on mercury levels, we worked with four -- Pallette Lake, Little
Rock Lake, Crystal Lake, and Lake Muskellunge.  The model default values for atmospheric deposition
fluxes in this region were used -- 8.5 �g/m -yr for wetfall and 3 �g/m -yr for dryfall.  In order to isolate2 2


the variability due to intrinsic lake properties, we set the volume, depth, and hydraulic residence time for
these four lakes equal to the characteristic eastern lake analyzed with IEM-2M.  The four lakes were
designated as “drainage lakes.”  For one set of simulations, the surrounding watersheds were removed so
that the mercury levels respond to direct atmospheric deposition only.  Another set of simulations was
conducted with the standard eastern watershed draining to the four lakes.  A final set of simulations was
conducted in which the water columns of the four lakes were divided into epilimnion and hypolimnion,
keeping the total lake volume the same.  These simulations were run with no watershed in order to
determine the effect of the hypolimnion on fish levels.


In order to study the effects of watershed characteristics on mercury levels, we conducted further
simulations with the modified Pallette Lake.  The first was designated a perched lake, fed by rainwater
only, with a surrounding watershed area equal to 10 percent of the lake surface area and no wetlands. 







6-20


The second simulation represented a seepage lake, fed by groundwater, with a watershed area equal to
the lake surface area and 30 percent wetlands.  The third simulation represented a drainage lake with the
same watershed properties.  The fourth simulation represented a drainage lake with watershed area 5
times the lake surface area and 6 percent wetlands. The final simulation represented a drainage lake with
watershed area 15 times the lake surface area and 2 percent wetlands.  Note that the seepage lake and the
drainage lakes all have the same wetland area, 30 percent of the lake surface area.


The general properties and forcing functions used in all four lakes are summarized in Table 6-15. 
The variable properties are given in Table 6-16.  The effective partition coefficients and first-order rate
constants calculated internally are summarized in Table 6-17, along with the values used in the IEM-2M
eastern lake simulation.  The calculated concentrations in the four R-MCM lakes and the IEM-2M
eastern lake are presented in Table 6-18 (no watershed) and Table 6-19 (standard watershed).  The
calculated concentrations in the four R-MCM lakes with added hypolimnion are presented in Table 6-20. 
Finally, the calculated concentrations in the modified Pallette Lake with the five different
watershed/hydrology combinations are given in Table 6-21.


Variability due to in-lake processes -- The primary in-lake characteristics expected to influence
mercury concentrations in water and fish are pH, DOC, and solids.  While hypolimnetic anoxia should be
important in deeper lakes, the four lakes represented here are all oligotrophic and shallow.  Pallette is
characterized by higher pH,  DOC, and sedimentary TOC.  Crystal is lower in pH, DOC, and TOC.  Little
Rock and Muskellunge have intermediate DOC and TOC levels, with lower and higher pH, respectively. 
Pallette and Little Rock have higher solids concentrations and resuspension velocities.


Predicted total mercury concentrations in the water column varied by a factor of 2 for each series
of simulations.  With no watershed, values varied from 0.67 ng/L in Muskellunge to 1.21 ng/L in Little
Rock.  With the watershed, values varied from 1.35 ng/L in Pallette to 2.11 ng/L in Muskellunge.  IEM-
2M calculated total water column mercury levels at the low end of these ranges, predicting 1.49 ng/L and
0.63 ng/L with and without a watershed.  


Total sediment mercury concentrations varied by a factor of 6 within each set of simulations. 
With no watershed, values varied from 35 ng/g in Pallette to 205 ng/g in Crystal.  With the watershed, the
range was 61 to 359 ng/g.  Again, the IEM-2M lake is at the low end of the ranges, with 50 and 116 ng/g,
respectively.  Predatory fish concentrations varied by just over a factor of 2.  With no watershed, values
varied from 200 ng/g in Pallette to 463 ng/g in Little Rock.  With the watershed, the range was 340 to
797 ng/g.  With no watershed, IEM-2M predicted fish levels of 330 ng/g -- the middle of the range.  With
the watershed, IEM-2M predicted fish levels of 740 ng/g, which is at the high end of the range.


Adding a hypolimnion had the effect of decreasing the variability among the four lakes examined
here.  Total mercury varied between 0.75 and 0.81 ng/L in the epilimnion, and between 1.39 and 1.70 in
the hypolimnion.  Predatory fish varied between 240 and 366 ng/g.  Mercury concentrations in the
epilimnion and fish did not change systematically with the addition of a hypolimnion.


It should be stressed that R-MCM (version 1.0b) is currently parameterized for a limited set of
lakes.  Some key processes, such as the effect of anoxia on methylation, are not included in the model 







6-21


Table 6-15
General Properties of the Four R-MCM Lakes


Property Value and Units


Volume 1.245 × 10  m7 3


Surface Area 2.49 × 10  m6 2


Depth 5 m


Hydraulic Residence Time 314 days


Advective Flow 0.46 m /sec3


Upper Sediment Depth 0.02 m


Wet Deposition 8 �g/m -yr2


Dry Deposition 3.5 �g/m -yr2


Maximum Monthly Temperature 22�C


Average Sunlight 318 �Einsteins/m -sec2


Fish Biomass 1 kg/ha


Benthic Biomass 25 g/m2


Solids Density 1.5 g/mL


Benthic Porosity 0.95 - 0.90
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Table 6-16
Variable Properties of the Four R-MCM Lakes


Variable Pallette Little Crystal Muskel- IEM-2M
Rock lunge **


pH 7.2 6.0 6.3 7.2 -


DOC (water), mg/L 5.4 3.3 1.8 3.8 -


DOC (sediment), mg/L 16 10 5 11 -


TOC (sediment), g/m 800 500 275 550 -2


SO , �eq/L 56 65 72 77 -4


Cl, mg/L .25 .28 .46 .30 -


DO, mg/L 8 8 8 8 -


Ca, mg/L 2.2 .94 1.14 5.8 -


light extinction coefficient, m 1.0 .75 .36 .76 --1


phytoplankton, mg/L .28 .2 .1 .1
0.4*


zooplankton, mg/L .14 .1 .05 .05


abiotic solids, mg/L .9 .7 .35 .35 0.5*


settling velocity, m/day .5 .5 .5 .5 2


burial velocity, mm/yr .21 .15 .1 .1 .13*


resuspension velocity, mm/yr 2.02 1.35 0.49 0.53 3.7* * * *


sediment mineralization, yr .01 .01 .013 .011 .05-1


calculated internally       ** revised solids parameters for comparison with Wisconsin lakes*
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Table 6-17
Partition Coefficients and First-order Rate Constants for Simulations


Coefficient Pallette Little Crystal Muskel- IEM-2M
Rock lunge


Partition Coefficients, L/kg


HgII - abiotic S 80,000 160,000 270,000 110,000 100,000


HgII - TSS 100,000 190,000 340,000 140,000 100,000


HgII - sediment 30,000 52,000 100,000   43,000   50,000


MHg - abiotic S 94,000 160,000 250,000 130,000 100,000


MHg - TSS 230,000 400,000 670,000 330,000 400,000


MHg - sediment   2,200   3,500    7,800    3,600     3,000


Rate Constants, day-1


reduction in water .0046 .00059 .0021 .0065 .0075


methylation in water .000044 .000027 .000015 .000031 .001


demethylation in water .0063 .0083 .015 .0082 .015


methylation in sediment .000055 .000020 .0000057 .000026 .0001*


demethylation in sediment .00048 .00018 .000048 .00019 .002*


applied to the total sediment mercury concentration*
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Table 6-18
Simulation Results, No Watershed


Compartment and Variable Pallette Little Crystal Muskel- IEM-2M
Rock lunge


*


WATER COLUMN


Unfiltered Total, ng/L 0.78 1.21 0.90 0.67 0.63


Dissolved Methyl, ng/L 0.053 0.057 0.024 0.036 .051


Dissolved Elemental, ng/L 0.045 0.022 0.030 0.051 .047


SEDIMENT


Particulate Total, ng/g 35 120 205 42 50


Dissolved Methyl, ng/L 0.45 0.58 0.26 0.23 0.43


BIOTA


Prey Fish, ng/g 35 84 165 57 80


Predatory Fish, ng/g 200 463 336 278 330


*Adjusted watershed size, erosion to yield abiotic solids = 0.5 mg/L; no watershed Hg yield.


Table 6-19
Simulation Results with Standard Watershed


Compartment and Variable Pallette Little Crystal Muskel- IEM-2M
Rock lunge


*


WATER COLUMN


Unfiltered Total, ng/L 1.35 2.11 1.57 1.68 1.49


Dissolved Methyl, ng/L 0.090 0.096 0.039 0.081 0.108


Dissolved Elemental, ng/L 0.071 0.030 0.044 0.113 0.099


SEDIMENT


Particulate Total, ng/g 61 210 359 106 116  


Dissolved Methyl, ng/L 0.77 0.99 0.44 0.56 1.10


BIOTA


Prey Fish, ng/g 59 144 279 138 170


Predatory Fish, ng/g 340 797 572 668 740


* Adjusted watershed erosion by 0.4 to yield abiotic solids = 0.7 mg/L.
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Table 6-20
Simulation Results with Hypolimnion, No Watershed


Compartment and Variable Pallette Little Crystal Muskel-
Rock lunge


WATER COLUMN


Epilimnion Unfiltered Total, ng/L 0.78 0.81 0.75 0.78


Hypolimnion Unfiltered Total, ng/L 1.70 1.27 1.39 1.64


Epilimnion Dissolved Methyl, ng/L 0.057 0.036 0.016 0.037


Hypolimnion Dissolved Methyl, ng/L 0.245 0.159 0.029 0.089


SEDIMENT


Epilimnion Particulate Total, ng/g 56 82 172 52


Hypolimnion Particulate Total, ng/g 36 76 111 21


BIOTA


Prey Fish, ng/g 108 60 39 75


Predatory Fish, ng/g 270 345 240 366


*Same total water body volume as shallow lake.


Table 6-21
Simulation Results for 5 Combinations of Watershed and Hydrology


Compartment and Variable Perched Seepage Drainage Drainage Drainage
0.1�A 1�A 1�A 5�A 15�Aw w w w w


WATER COLUMN


Unfiltered Total, ng/L 0.68 0.71 0.82 0.98 1.36


Dissolved Methyl, ng/L 0.02 0.03 0.06 0.07 0.10


Dissolved Elemental, ng/L 0.04 0.04 0.05 0.05 0.07


SEDIMENT


Particulate Total, ng/g 26 27 37 44 61


Dissolved Methyl, ng/L 0.13 0.14 0.50 0.59 0.80


BIOTA


Prey Fish, ng/g 12 14 40 46 62


Predatory Fish, ng/g 62 74 225 263 357
structure.  Other key processes, such as the effect of sulfate on methylation, are not parameterized for
these lakes.  Consequently, the variability due to in-lake processes demonstrated here is somewhat less
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than the actual variability among lakes.


Variability due to watershed and hydrology -- The primary watershed characteristics affecting the R-
MCM predictions are the surface area, the presence of wetlands, and the nature of the hydrologic
connection with the lake.  Wetlands are expected to contribute more methyl mercury to the lake than
other watershed elements.  Larger watersheds connected by surface drainage are expected to contribute
more total mercury loading than smaller watersheds and those connected through groundwater.


The five watershed hydrology combinations range from a perched lake with minimal watershed
connection to a large drainage watershed.  Total water column and sediment mercury varied by a factor
of 2, from 0.68 ng/L and 26 ng/g in the perched lake to 1.36 ng/L and 61 ng/g in the drainage lake with
the largest watershed.  Predatory fish varied by a factor of 6, from 62 to 357 ng/g.  The perched lake and
the seepage lake had similar concentrations.  There is a significant difference between the seepage lake
and the drainage lake with the same watershed size.  Although total mercury did not increase much
between these two lakes, the sediment methyl mercury and fish mercury increased by a factor of 3.


6.4.2.3 Sensitivity of Water Column Mercury to Model Parameters


Following the base simulations for the reconstructed Pallette and Crystal datasets, the major
parameters were systematically varied and the changes in model output were noted.  The relative
sensitivity of total water column mercury to these parameters is summarized in Table 6-22.  Total water
column mercury is strongly sensitive to wetfall concentration, which represents two-thirds of the total
loading in these simulations.  Dryfall loading  is a moderately sensitive parameter that represents about a
third of the total loading.  Increases in loading lead to increases in total mercury concentrations.  


DOC is a moderately sensitive parameter that complexes mercury and increases its mobility from
the sediments to the water column.  Increases in DOC lead to increases in total water column mercury. 
Hydraulic residence time is inversely proportional to advective flow.  Decreases in hydraulic residence
time strongly dilute the loading and decrease total mercury levels.  Increases in residence time
moderately increase total mercury.  


Particle density and benthic porosity are inversely related.  Increases in particle density and
decreases in porosity lead to higher benthic solids concentration, which in R-MCM results in lower
resuspension rates and thus lower water column mercury concentrations.  Increased solids partitioning
causes more deposition of mercury from the water column, leading to lower water column concentrations
and higher sediment concentrations.  Increased sediment burial velocity is associated with lower
resuspension rates and less transfer of sediment mercury to the water column.  These effects are weakly
sensitive for the Pallette data set and moderately sensitive for the Crystal data set.  Increases in benthic
mineralization are associated with weak decreases in water column mercury.  This is a consequence of
how R-MCM calculates the resuspension velocity by balancing solids deposition, burial, and
mineralization.  Given a constant resuspension velocity, increases in benthic mineralization should
actually cause decreases in burial and thus increased mercury concentrations in the sediments and water
column.


Total mercury levels are moderately sensitive to [H ] , which is calculated from specified pH+


levels.  R-MCM applies the reduction rate constant only to dissolved Hg(OH) .  As a result, increased pH2


(i.e., decreased [H ]) strongly increases Hg(OH) , concentrations causing significantly more reduction of +
2







6-27


Table 6-22
R-MCM Parameter Sensitivity for Total Water Column Mercury


Model Parameter Pallette Crystal


decrease increase decrease increase


Wetfall Concentration -67 +67 -68 +68


DOC -46 +34 -57 +40


Hydraulic Residence Time -53 +27 -59 +33


Dryfall Load -30 +30 -30 +30


Particle Density +10 - 9 +37 -37


Porosity - 9 +10 -37 +38


[H ] -55 +12 -43 - 6+


Solids Partitioning + 9 - 9 +36 -28


Sediment Burial Velocity +10 - 9 +30 -23


Benthic Mineralization + 1 - 1 +10 -13


Average Sunlight + 6 - 4 + 4 - 2


Biotic Solids Concentration - 4 + 4 - 4 + 4


Light Extinction Coefficient - 5 + 4 - 2 + 2


Abiotic Solids Concentration - 0 + 2 - 6 + 5


Abiotic Solids Settling Velocity + 4 - 2 - 1 + 1


Sediment TOC + 3 - 1 + 2 - 2


* Sensitivity is expressed as relative change in total water column mercury concentration divided by the relative
change in the model parameter, in percent.
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HgII to Hg  with subsequent loss due to volatilization.  The two datasets are only weakly sensitive to0


decreasing pH which causes a relatively small decline in reduction and volatilization.


Total mercury concentrations were only weakly sensitive to the other parameters tested,
including sunlight, light extinction, biotic and abiotic solids concentrations, settling velocity, and
sediment TOC.  Total mercury levels were insensitive to dissolved oxygen, sulfate, chloride and fish
biomass.


6.4.2.4 Sensitivity of Fish Mercury to Model Parameters


The relative sensitivity of mercury concentration in upper trophic level fish (5-years old) to the
model parameters is summarized in Table 6-23.  The most sensitive parameter for fish mercury is the
maximum monthly temperature.  The annual-average R-MCM adjusts the base methylation rate
constant using the maximum monthly temperature (i.e., July) to account for the higher fish activity at this
time of year.  Demethylation rates are not temperature-corrected due to a lack of data.  As a consequence,
an increase in maximum temperature leads to an increase in net methylation, and a subsequent increase in
fish concentrations.  Sediment TOC concentrations directly affect methylation rates in the sediment. 
While increases in TOC cause proportional increases in both benthic methylation and demethylation
rates, some of the extra MHg production diffuses to the water column leading to higher fish mercury
levels.


Fish mercury levels are strongly sensitive to solids partitioning.  The partition coefficients for
HgII and MHg partitioning to abiotic solids and sediments were adjusted up and down as a group. 
Higher partitioning causes water column mercury levels to decline somewhat and benthic concentrations
to increase strongly.  The elevated mercury concentrations in benthic biota enter the food web, ultimately
resulting in higher fish concentrations.  The strong sensitivity of fish mercury to DOC operates in the
opposite direction.  Higher levels of DOC complex more mercury, leading to higher benthic fluxes and
water column concentrations.  The DOC-bound mercury concentrations, however, are not bioavailable,
and thus fish mercury levels strongly decline.


Fish mercury concentrations, like total water column levels, are strongly sensitive to wetfall
concentration and moderately sensitive to dryfall loading .  Fish mercury is more sensitive than total
water column mercury to hydraulic residence time.  Increases in residence time associated with lower
flow rates provide less dilution not only to external loading of HgII, but also to benthic fluxes of MHg,
leading to significantly higher fish concentrations.


Average sunlight and the light extinction coefficient are moderately sensitive parameters that
affect the water column reduction and demethylation rates.  Increased light levels cause increased
reduction and loss of HgII and increased demethylation of MHg, leading to lower MHg concentrations
and thus lower fish mercury concentrations.


The abiotic solids concentration and deposition velocity, the sediment mineralization rate,
and the sediment burial velocity are moderately to weakly sensitive parameters connected through the
R-MCM solids balance.  The resuspension velocity is calculated internally from these parameters, along
with porosity and particle density using a solids mass balance.  Increases in the abiotic solids
concentration or deposition velocity increase the supply of solids to the sediment layer, which leads to
higher calculated resuspension velocities given the fixed burial and mineralization rates.  These higher
resuspension velocities cause higher fluxes of MHg to the water column, and thus higher MHg and fish
mercury concentrations.  
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Table 6-23
R-MCM Parameter Sensitivity for Upper Trophic Level Fish Mercury


Model Parameter Pallette Crystal


decrease increase decrease increase


Maximum Monthly Temperature -160 +180 -160 +180


Solids Partitioning - 91 +100 - 94 + 88


DOC +120 - 54 +120 - 54


Wetfall Concentration - 59 + 59 - 58 + 57


Hydraulic Residence Time - 70 + 40 - 65 + 37


Sediment TOC - 50 + 45 - 74 + 62


Average Sunlight + 46 - 27 - 27 _ 26


[H ] - 64 + 15 - 53 + 19+


Light Extinction Coefficient - 41 + 27 - 27 + 27


Dryfall Deposition - 28 + 27 - 27 + 26


Abiotic Solids Settling Velocity - 40 + 29 - 18 + 17


Abiotic Solids Concentration - 37 + 26 - 15 + 13


Sediment Burial Velocity + 10 - 9 + 27 - 21


Sediment Mineralization Rate - 6 + 5 - 22 + 29


Benthic Porosity - 10 + 5 - 3 + 3


Biotic Solids Concentration + 5 - 5 + 5 - 5


* Sensitivity is expressed as relative change in level 4 fish mercury concentration divided by the relative change in
the model parameter, in percent.







6-30


Sediment burial velocity affects mercury in a similar way.  Decreases in burial lead to increases
in calculated resuspension and thus increased MHg flux to the water column and higher fish mercury
levels.  On the other hand, an increase in the sediment remineralization rate causes a lower calculated
resuspension rate, but also causes increased concentration of sediment mercury levels.  The net effect is
to increase MHg diffusion flux to the water column leading to higher levels of MHg and fish mercury.
The burial and remineralization effects are more pronounced in the Crystal data set than in the Pallette
data set.


The model was not parameterized to simulate the effects of dissolved oxygen and sulfate on
methylation rates.  These parameters are expected to affect fish bioaccumulation significantly in some
lakes.


6.4.3 Summary and Conclusions


For a particular atmospheric deposition rate, mercury concentrations in watersheds and water
bodies can vary significantly.  Several intrinsic and extrinsic watershed and water body characteristics
influence the mercury concentrations in soil, water, and fish.  These should cause significant variability
in mercury concentrations between regions and among individual lakes within a region.


Mercury concentrations in watershed soils are strongly influenced by atmospheric loading and
soil loss processes.  The influence of plant canopy and roots in mediating both the loading to the soil and
the loss from the soil is not well characterized at present, although published studies indicate its potential
importance.   Reduction of HgII in the upper soil layer appears to control the volatile loss of mercury, and
variations in this reaction can cause significant variations in soil mercury levels.  The factors controlling
mercury reduction are not well characterized at present.  Soil erosion from a watershed can vary more
than 3 orders of magnitude depending on rainfall patterns, soil type, topography, and plant cover.  High
levels of soil erosion should significantly diminish soil mercury concentrations.  Runoff and leaching are
not expected to affect soil mercury concentrations significantly.


Total mercury concentrations in a water body are strongly influenced by atmospheric loading
and, for drainage lakes, by watershed loading.  Variations in watershed size and erosion rates can cause
significant variability in lake mercury levels.  Hydraulic residence time, the water body volume divided
by total flow, affects the maximum possible level of total water column mercury for a given loading rate. 
Parameters controlling mercury loss through volatilization and net settling can also cause significant
variations among lakes.  Mercury loss through settling is affected by in-situ productivity, by the supply of
solids from the watershed, and by the solids-water partition coefficient.  DOC concentrations can
significantly affect partitioning, and thus overall mercury levels. Mercury loss through volatilization is
controlled by the reduction rate, which is a function of sunlight and water clarity.  Reduction may also be
controlled by pH, with lower values inhibiting this reduction and leading to higher total mercury levels.


Fish mercury levels are strongly influenced by the same factors that control total mercury levels. 
In addition, fish concentrations are sensitive to methylation and demethylation in the water column and
sediments.  A set of water body characteristics appears to affect these reactions, including DOC,
sediment TOC, sunlight, and water clarity.  Variations in these properties can cause significant variations
in fish concentrations among lakes.  Other factors not examined here, such as anoxia and sulfate
concentrations, can stimulate methylation and lead to elevated fish concentrations.  Fish mercury levels
are sensitive to factors that promote methyl mercury mobility from the sediments to the water column;
these factors include sediment DOC and sediment-pore water partition coefficients.
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The IEM-2M has not been validated with site-specific data.  Here the model is benchmarked
against the independently-derived R-MCM, which itself is calibrated to several Wisconsin lakes.  When
driven by the same atmospheric loading and solids concentrations, IEM-2M predictions of mercury
concentrations compare well with those calculated by R-MCM for a set of Wisconsin lakes.


The R-MCM is a useful research model that has been set up to describe mercury dynamics in a
set of Wisconsin lakes.  Current work is extending the model to lakes in other regions.  This model shows
promise for use as a more general management tool, especially as it is applied and tested in diverse water
bodies around the nation.  As of this writing it remains a scientific work in progress.


Based on the variability and sensitivity analyses with IEM-2M and R-MCM, predictions of
average mercury concentrations in particular watersheds and waterbodies should vary about an order of
magnitude based on variable environmental characteristics.  Total mercury concentration in a water body
is a function of atmospheric deposition, watershed soil retention, solids erosion, water body flow,
suspended solids partitioning and deposition, and water column reduction and volatilization loss.  Fish
mercury concentrations depend upon total mercury concentrations along with net water column and
sediment methylation rates, uptake at the base of the food web, and fish bioaccumulation.  To predict
mercury levels in particular water bodies, these environmental factors must be properly parameterized. 
Site-specific calibration data would allow more accurate predictions.


In the analysis relating mercury emissions to water body and fish concentrations, the IEM-2M
model was parameterized for an average shallow lake using data collected from studies across a number
of water bodies.  This analysis of general response to atmospheric loadings is national in scope and
appears to be an appropriate application of the model.  The variability and sensitivity analyses conducted
here provide a context in which to interpret the predicted average loading response.
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7. CONCLUSIONS


Summary Conclusions


� The present study in conjunction with available scientific knowledge supports a plausible link
between mercury emissions from anthropogenic combustion and industrial sources and mercury
concentrations in air, soil, water and sediments.  The critical variables contributing to this
linkage are these:


a) the species of mercury that are emitted from the sources;


b) the overall amount of mercury emitted from a combustion source;


c) atmospheric and climatic conditions;


d) reduction rates in the soil and water body;


e) erosion rates within the watershed; and


f) solids deposition and burial in the water body.


� The present study, in conjunction with available scientific knowledge, supports a plausible link
between mercury emissions from anthropogenic combustion and industrial sources and
methylmercury concentrations in freshwater fish.  The additional critical variables contributing
to this linkage are the following:


a) the extent (magnitude) of mercury methylation and demethylation in the water body; and


b) the degree of complexation of mercury with DOC and solids.


� Mercury is a natural constituent of the environment; concentrations of mercury in many 
environmental media appear to have increased over the last 500 years.


� There is a lack of adequate mercury measurement data near the anthropogenic atmospheric
mercury sources considered in this report.  Measurement data are needed to assess how well the
modeled data predict acutal mercury concentrations in different environmental media at a variety
of geographic locations.  The lack of such measured data preclude a comparison of the modeling
results with measured data around these sources.  Missing data includes measured mercury
deposition rates as well as measured concentrations in the local atmosphere, soils, water bodies,
and biota.


� From the atmospheric modeling analyses of mercury deposition and on a comparative basis, a
facility located in a humid climate has a higher annual rate of mercury deposition than a facility
located in an arid climate.  The critical variables are the estimated washout ratios of elemental
and divalent mercury as well as the annual amount of precipitation.  Precipitation removes
various forms of mercury from the atmosphere and deposits mercury to the surface of the earth. 
Of the species of mercury that are emitted, divalent mercury is predicted to generally deposit to
local environments near sources.  Elemental mercury is predicted to generally remain in the
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atmosphere until atmospheric conversion to divalent species or uptake and retention by plant
leaves and the subsequent deposition as divalent species in litter fall.


� On a national scale, an apportionment between specific sources of mercury and mercury in
environmental media and biota at particular locations cannot be described in quantitative terms
with the current scientific understanding of the environmental fate of mercury.


  
� From the modeling analysis and a review of field measurement studies, it is concluded that


mercury deposition appears to be ubiquitous across the continental U.S. and at, or above,
detection limits when measured with current analytic methods.


� Based on the RELMAP modeling analysis and a review of recent measurement data published in
peer-reviewed scientific literature, there is predicted to be a wide range of mercury deposition
rates across the continental U.S.  The highest predicted rates (i.e., above 90th percentile) are
about 20 times higher than the lowest predicted rates (i.e., below the 10th percentile).  Three
principal factors contribute to these modeled and observed deposition patterns:


a) emission source locations;


b) amount of divalent and particulate mercury emitted or formed in the
atmosphere; and


c) climate and meteorology.


� Based on the modeling analysis of the transport and deposition of stationary point source and
area source air emissions of mercury from the continental U.S., it is concluded that the following
geographical areas have the highest annual rate of deposition of mercury in all forms (above the
levels predicted at the 90th percentile):


a) the southern Great Lakes and Ohio River Valley;


b) the Northeast and southern New England; and


c) scattered areas in the South with the most elevated deposition occurring in the
Miami and Tampa areas.


Measured deposition estimates are limited, but are available for certain geographic regions.  The
data that are available corroborate the RELMAP modeling results for specific areas.


� Based on modeling analysis of the transport and deposition of stationary point source and area
source air emissions of mercury from the continental U.S., it is concluded that the following
geographical areas have the lowest annual rate of deposition of mercury in all forms (below the
levels predicted at the 10th percentile):


a) the less populated areas of the Great Basin, including southern Idaho,
southeastern Oregon, most of southern and western Utah, most of Nevada, and
portions of western New Mexico; and


b) western Texas other than near El Paso, and most of northeastern Montana.
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� Based on limited monitoring data, the RELMAP model predictions of atmospheric mercury
concentrations and wet deposition across the U.S. are comparable with typically measured data.


� A number of factors appear to affect the local-scale atmospheric fate of mercury emitted by/from
major anthropogenic sources as well as the quantity of mercury predicted to deposit.  These
factors include the following:


a) the amounts of divalent and particulate mercury emitted;


b) parameters that influence the plume height, primarily the stack height and stack exit gas
velocity;


c) meteorology; and 


d) terrain.


� From the analysis of deposition and on a comparative basis, the deposition of divalent mercury
close to an emission source is greater for receptors in elevated terrain (i.e., terrain above the
elevation of the stack base) than for receptors located in flat terrain (i.e., terrain below the
elevation of the stack base).  The critical variables are parameters that influence the plume
height, primarily the stack height and stack exit gas velocity.


� Modeling estimates of the transport and deposition of stationary point source and area source air
emissions of mercury from the continental U.S. have revealed the following partial mass balance.


-- Of the total amount of elemental mercury vapor that is emitted, about 1 percent
(0.9 metric tons/yr) may be atmospherically transformed into divalent mercury
by tropospheric ozone and adsorbed to particulate soot in the air and
subsequently deposited in rainfall and snowfall to the surface of the continental
U.S.  The vast majority of emitted elemental mercury does not readily deposit
and is transported outside the U.S. or vertically diffused to the free atmosphere
to become part of the global cycle.


-- Nearly all of the elemental mercury vapor emitted from other sources around the
globe also enters the global cycle and can be deposited slowly to the U.S.  Over
30 times as much elemental mercury vapor is deposited from these other sources
than from stationary point sources and area sources within the continental U.S.


-- Of the total amount of divalent mercury vapor that is emitted, about 70 percent
(36.8 metric tons/year) deposits to the surface through wet or dry processes
within the continental U.S.  The remaining 30 percent is transported outside the
U.S. or is vertically diffused to the free atmosphere to become part of the global
cycle.


-- Of the total amount of particulate mercury that is emitted, about 38 percent (10.0
metric tons/year) deposits to the surface through wet or dry processes within the
continental U.S.  The remaining 62 percent is transported outside the U.S. or is
vertically diffused to the free atmosphere to become part of the global cycle.
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� Given the simulated deposition efficiencies for each form of mercury air emission (namely;
elemental mercury - 1 percent, divalent mercury vapor - 70 percent, and particulate mercury - 38
percent) the relative source contributions to the total anthropogenic mercury deposited to the
continental U.S. are strongly and positively correlated to the mass of emissions in oxidized form. 
This oxidized mercury occurs in both gaseous (Hg ) and particulate (Hg ) forms.  While coal2+


p


combustion is responsible for more than half of all emissions of mercury in the inventory of U.S.
anthropogenic sources, the fraction of coal combustion emissions in oxidized form is thought to
be less than that from waste incineration and combustion.  The true speciation of mercury
emissions from the various source types modeled is still uncertain and is thought to vary, not
only among source types, but also for individual plants as feed stock and operating conditions
change.  With further research, it may be possible to make a confident ranking of relative source
contributions to mercury deposition in the continental U.S.  However, no such confident ranking
is possible at this time.  Given the total mass of mercury thought by EPA to be emitted from all
anthropogenic sources and EPA’s modeling of the atmospheric transport of emitted mercury,
coal combustion and waste disposal most likely bear the greatest responsibility for direct
anthropogenic mercury deposition to the continental U.S.


� Based on the local scale atmospheric modeling results in flat terrain, at least 75 percent of the
emitted mercury from each facility is predicted to be transported more than 50 km from the
facility.


� The models used in the analysis as well as the assumptions implemented concerning the species
of mercury emitted and the wet and dry deposition velocities associated with atmospheric
mercury species indicate that deposition within 10 km of a facility is may be dominated by
emissions from the local source rather than from emissions transported from regional mercury
emissions sources, with some exceptions.  Specifically, the models predict that in the Eastern
U.S., individual large anthropogenic sources dominate predicted mercury deposition within 2.5
km; chlor-alkali facilities are predicted to dominate up to 10 km from the source.  In the western
site, the models predict that the dominance of local source mercury deposition in emissions
extends beyond the predicted range of the eastern site.


� Of the mercury deposited to watershed soils, a small fraction is ultimately transported to the
water  body.  Deposition to and evasion from soils as well as the amount of reduction in upper
soil layers are important factors in the determining soil concentration of mercury.  In forested
watersheds canopy interactions can provide significant fluxes both to and from the atmosphere. 
Mercury from litter fall may be an important source of mercury to some soils and water bodies,
but the magnitude of the contribution from this source is uncertain at this time. 


� The net mercury methylation rate (the net result of methylation and demethylation) for most soils
appears to be quite low with much of the measured methylmercury in soils potentially resulting
from wet fall.  A significant and important exception to this appears to be wetlands.  Wetlands
appear to convert a small but significant fraction of the deposited mercury into methylmercury;
which can be exported to nearby water bodies and potentially bioaccumulated in the aquatic food
chain.


� Both watershed erosion and direct atmospheric deposition can be important sources of mercury
to the water body depending on the relative sizes of the water body and the watershed.







7-5


� There appears to be a great deal of variability in the processing of mercury among bodies of
water. This variability extends to water bodies that have similar and dissimilar physical
characteristics. Important properties influencing the levels of  total mercury and methylmercury
in a water body include: pH, anoxia, DOC, productivity, turbidity, and the presence of wetlands. 


� Some of the mercury entering a water body is methylated predominately through biotic processes
forming methylmercury (predominately monomethylmercury).  Methylmercury is accumulated
and retained by aquatic organisms.  Important factors influencing bioavailability of
methylmercury to aquatic organisms include DOC and solids, which complex methylmercury and
reduce the biovailable pool. 


� Methylmercury is bioaccumulated in predatory species of the aquatic food chain.  The
concentrations of methylmercury in fish muscle tissue are highly variable across water bodies.
Within a given body of water methylmercury concentrations generally increase with fish size and
position within the trophic structure.


To improve the quantitative environmental fate component of the risk assessment for mercury and
mercury compounds, U.S. EPA would need more and better mercury emissions data and measured
mercury data near sources of concern, as well as a better quantitative understanding of mercury
chemistry in the emissions plume, the atmosphere, soils, water bodies and biota.  Specific needs
include these.


Mercury in the Atmosphere


� aqueous oxidation-reduction kinetics in atmospheric water droplets


� physical adsorption and condensation of divalent mercury gas to ambient
particulate matter


� photolytic reduction of particle-bound divalent mercury by sunlight


� convincing evidence that gas-phase oxidation of mercury is insignificant


Mercury in Soils and Water Bodies


� uptake and release kinetics of mercury from terrestrial and aquatic plants


� biogeochemical mercury transport and transformation kinetics in benthic
sediments


� methylation, demethylation, and reduction kinetics in water bodies


� sorption coefficients to soils, suspended solids, and benthic solids


� complexation to organic matter in water bodies


� more data to better discern seasonal trends


� reduction kinetics in soils
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� mercury mass balance studies in wetlands


Information Leading to an Improved Quantitative Understanding of Aquatic Bioaccumulation
Processes and Kinetics


� uptake kinetics by aquatic plants and phytoplankton


� partitioning and binding behavior of mercury species within organisms


� metabolic transformations of mercury, and the effect on uptake, internal
distribution, and excretion


� more measurements of methylmercury concentrations in fish for better
identification of the range in fish species.


� more measurements of methylmercury concentrations in other biotic components
of the aquatic environment such as benthic and macro invertebrates and aquatic
macrophytes 
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8. RESEARCH NEEDS 


During the development of the mercury fate and transport assessment, many areas of uncertainty
and significant data gaps were identified.  Many of these have been identified in the document, and
several are presented in the following list.


1. Improved analytical techniques for measuring speciated mercury air emissions as well as total
mercury emissions from major point sources.  Laboratory evidence suggests that divalent
mercury gas emissions will wet and dry deposit much more readily than elemental mercury gas. 
Particle-bound mercury is also likely to deposit relatively quickly.  Current stack sampling
methods do not provide sound information about the fraction of mercury emissions that are in
oxidized form.  While filters are used to determine particulate mercury fractions, high
temperature stack samples may not be indicative of the fraction of mercury that is bound to
particles after dilution and cooling in the first few seconds after emission to the atmosphere. 
Methods for determination of the chemical and physical forms of mercury air emissions after
dilution and cooling need to be developed and used to characterize all known major point
sources.


2. Evaluated Local and Regional Atmospheric Fate and Transport Models are needed.  These
models should treat all important chemical and physical transformations which take place in the
atmosphere.  The development of these models will require comprehensive field investigations to
determine the important atmospheric transformation pathways (e.g., aqueous cloud chemistry,
gas-phase chemistry, particle attachment, photolytic reduction) for various climatic regions.  The
evaluation of these models will require long-term national (possibly international) monitoring
networks to quantify the actual air concentrations and surface deposition rates for the various
chemical and physical forms of mercury.


3. Better understanding of mercury transport from watershed to water body including the soil
chemistry of mercury, the temporal aspects of the soil equilibrium, the impact of low levels of
volatile mercury species in surface soils and water bodies on total mercury concentrations and
equilibrium.


4. Better understanding of foliar uptake of mercury and plant/mercury chemistry.  (The most
important questions:  Do plants convert elemental or divalent mercury into forms of mercury that
are more readily bioaccumulated?  Do plants then emit these different forms to the air?)  A better
understanding of the condensation point for mercury is needed.


5. Better understanding of mercury movement from plant into soil (detritus).  May need to refine
the models used to account for movement of mercury in leaf litter to soil.


6. The impact of anthropogenic mercury on the "natural," existing mercury levels and species
formed in soil, water, and sediments needs better understanding.  How does the addition of
anthropogenic mercury affect "natural" soil and water mercury cycles?  Natural emission sources
need to be studied better and their impacts better evaluated.


7. Improved understanding of mercury flux in water bodies and impact of plant and animal biomass
are needed.  Unlike many other pollutants, most of the methylmercury in a water body appears to
be in the biological compartment.  The sedimentation rate as well as benthic sediment:water
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partition coefficient require field evaluation.  Important to consider rivers and other larger water
bodies in these flux analyses.


8. The BAF contains a substantial level of uncertainty.  A more appropriate BAF can probably be
developed when the data base upon which the estimate is based is enlarged; i.e., need data from
more than four studies.  The availability of more data would enable the possible development of
lake-type adjustment factors for the mercury BAF possibly based on color, acidification
susceptibility, etc., or species-specific BAF adjustment factors for freshwater species most
commonly consumed.  Also need a time analysis of fish mercury uptake which could lead to the
development of a dynamic fish model.  A mercury BAF for saltwater fish is needed.


9. Need to improve the biotransfer factors for mercury from soil and plants to beef.







9-1


9. REFERENCES


Anderson, W. L. and K.E. Smith (1977) Dynamic of mercury at coal-fired utility power plant and
adjacent cooling lake.  Environ. Sci and Technol.  11:75.


Bache, E., W. Gutenmann, M. Rutzke, G. Chu, D. Elfving and D. Lisk (1991) Concentrations of Metals
in Grasses in the Vicinity of a Municipal Refuse Incinerator. Arch. Environ. Contam. Toxicol.
20:538-542.


Baes, C., R. Sharp, A. Sjoreen and R. Shor (1984) A Review and Analysis of parameters for assessing
transport of environmentally released radionuclides through agriculture.  Prepared under contract No.
DE-AC05-84OR21400.  U.S. Department of Energy, Washington, D.C.


Bahnick, D., C.Sauer, B. Butterworth and D. Kuehl (1994) A National Study of Mercury Contamination
of Fish.  Chemosphere 29(3):537-546.


Benoit, J.M., W.F. Fitzgerald and A.W.H. Damman  (1994) Historical Atmospheric Mercury Deposition
in the Mid-Continental U.S. as Recorded in an Ombrotrophic Peat Bog.  Pp. 187-202 in Watras, C.J. and
J.W. Huckabee eds. Mercury Pollution Integration and Synthesis.  


Bloom, N. and W. F. Fitzgerald (1988) Determination of Volatile Mercury Species at the Picogram level
by Low-Temperature Gas Chromatography with Cold-Vapor Atomic Fluorescence Detection.  Analytica
Chimica Acta, 208:151-161.


Bloom, N. S. and C. J. Watras (1989) Observations of Methylmercury in Precipitation.  The Sci. Tot.
Environ.  87/88:191-207.


Bloom, N. S., C. J. Watras, and J. P. Hurley (1991) Impact of Acidification on the Methylmercury Cycle
of Remote Seepage Lakes.  Water, Air and Soil Poll.  56:477-491.


Bloom, N. S. (1992) On the Chemical Form of Mercury in Edible Fish and Marine Invertebrate Tissue. 
Can. J. Fisher. Aq. Sci.  49:1010-1017.


Bloom, N.S. and E. Kuhn (1994) Mercury speciation in meat products, personal communication, October
1, 1994.


Briggs, G.A. (1973) Diffusion Estimation for Small Emissions, ATDL Contribution File No. 79,
Atmospheric Turbulence and Diffusion Laboratory.


Briggs, G.A.  (1973) Diffusion Estimates for Small Emissions, Atmospheric Turbulence and Diffusion
Laboratory, Contribution No. 70 (Draft), Oak Ridge, Tennessee.


Briggs, G.A. (1975)  Plume Rise Predications, in Lectures on Air Pollution and Environmental Impact
Analysis, Americal Meteorological Society, Boston, Massachusetts.


Brosset, C. (1981) The Mercury Cycle. Water, Air and Soil Poll. 16:253-255.







9-2


Brosset, C. and E. Lord (1991) Mercury in Precipitation and Ambient Air: A new Scenario. Water, Air
and Soil Poll. 56:493-506.


Bullock, Jr., O. R.  (1994) A computationally efficient method for the characterization of sub-grid-scale
precipitation variability for sulfur wet removal estimates.  Atmos. Env.28:555-566.


Bullock, Jr., O. R., W. G. Benjey and M. H. Keating  (1997a) Modeling of regional scale atmospheric
mercury transport and deposition using RELMAP.  Atmospheric Deposition of Contaminants to the
Great Lakes and Coastal Waters:  Joel E. Baker, Ed.  pp.323-347.  SETAC Press, Pensacola, Florida.


Bullock, Jr., O. R., K. A. Brehme and G. R. Mapp  (1997b) Lagrangian modeling of mercury
airemission, transport and deposition:  An analysis of model sensitivity to emissions uncertainty.  Special
Issue on Mercury as a Global Pollutant:  Science of the Total Environment,  in press.


Burke, J., M. Hoyer, G. Keeler and T. Scherbatskoy (1995) Wet Deposition of Mercury and Ambient
Mercury Concentrations as a Site in the Lake Champlain Basin.  Water, Air and Soil Pollution  80:353-
362.  


Cappon, C.J. (1981) Mercury and Selenium Content and Chemical Form in Vegetable Crops Grown on
Sludge-Amended Soil.  Arch. Environm. Contam. Toxicol. 10: 673-689.


Cappon, C. J. (1987) Uptake and Speciation of Mercury and Selenium in Vegetable Crops Grown on
Compost-Treated Soil. Water, Air and Soil Poll. 34:353-361.


Carpi, A., L. Weinstein and D. Ditz (1994) Bioaccumulation of Mercury by Sphagnum Moss near a
Municipal Solid Waste Incinerator. Air and Waste 44:669-672.


Carpi, A., and S.E. Lindberg (1997) Sunlight-Mediated Emission of Elemental Mercury from Soil
Amended with Municipal Sewage Sludge.  Environmental Science and Technology, 31(7):2085-2091.


CARB (1986) Subroutines for calculating dry deposition velocities using Sehmel's curves.  Prepared by
Bart Croes, California Air Resources Board.


CARB (1987) Subroutines for calculating dry deposition velocities using Sehmel's curves.  Prepared by
Bart Croes, California Air Resources Board.


Clark, T.L., P. Blakely, G. Mapp (1992) Model calculations fo the annual atmospheric deposition of
toxic metals to Lake Michigan.  85th Annual Meeting fot eh Air and Water Management Assoc., Kansas
City, MO, June 23-27.


Cleckner, L. B., E. S. Esseks, P. G. Meier, and G. J. Keeler (1995) Mercury Concentrations in Two
�Great Waters�. Accepted for Publication in Water, Air and Soil Pollution.  


Cossa, D. M. Coquery, C. Gobeil, and J. Martin (1996) Mercury Fluxes at the Ocean margins. In: Global
and Regional Mercury Cycles: Sources, Fluxes and Mass Balances. Edited by: W. Baeyens, R.
Ebinghaus, and O.Vasiliev. Kluwer Academic Publishers, (Netherlands). 229-248.


Cramer, G.M. (1992) Interoffice memorandum, April 21, 1992.







9-3


Crockett, A. and R. Kinnison (1979) Mercury residues in soil around a coal-fired power-plant. Envir. Sci.
Technol. 13:712-715.


Cunningham, P. S. Smith, J. Tippett and A. Greene (1994) A National Fish Consumption Advisory Data
Base: A Step Toward Consistency.  Fisheries. 19(5):14-23.


Dooley, J. H. (1992) Natural Sources of Mercury in the Kirkwood-Cohansey Aquifer System of the New
Jersey Coastal Plain. New Jersey Geological Survey, Report 27. 


Driscoll, C. T., C. Yan, C. L. Schofield, R. Munson, and J. Holsapple (1994) The Mercury Cycle and
Fish in the Adirondack Lakes. ES+T.


Dvonch, J.T., A.F. Vette, G.J. Keeler, G. Evans and R. Stevens (1995) An intensive Multi-site Pilot
Study Investigating Atmospheric Mercury in Broward County, Florida.  Water, Air, and Soil Pollution
80: 169-178. 


Ebinghaus, R., and O. Kruger (1996) Emission and Local Deposition Estimates of Atmospheric Mercury
in North-Western and Central Europe.  Pp. 135-159 in Baeyens, W., R. Ebinghaus, and O. Vasiliev, eds.,
Global and Regional Mercury Cycles: Sources, Fluxes and Mass Balances.


Eder, B. K., D. H. Coventry, T. L. Clark, and C. E. Bollinger (1986) RELMAP:  A regional Lagrangian
model of air pollution - users guide.  Project Report, EPA/600/8-86/013, U.S. Environmental Protection
Agency, Research Triangle Park, NC.


Egan, B.A. (1975) Turbulent Diffusion in Complex Terrain, in Lectures on Air Pollution and
Environmental Impacts Analysis, pp.112-135, D. Haugen (Ed.), American Meteorological Society,
Boston, Mass.


Engstrom D.R., E.B. Swain, T.A. Henning, M.E. Brigham and P.L. Brezonick (1994) Atmospheric
Mercury Deposition to Lakes and Watersheds: A Quantitative Reconstruction from Multiple Sediment
Cores.  Pp. 33-66 in L.A. Baker (ed). Environmental Chemistry of Lakes and Reservoirs. American
Chemical Society.


Engstrom, D. R., and E. B. Swain (1997) Recent Declines in Atmospheric Mercury Deposition in the
Upper Midwest.  Environmental Science and Technology 31: 960-967.


Evans, R.D. (1986) Sources of mercury contamination in the sediments of small headwater lakes in
south-central Ontario, Canada.  Arch. Environ. Contam. Toxicol. 15:505-512.


Expert Panel on Mercury Atmospheric Processes (1994) Mercury Atmospheric Processes:  A Synthesis
Report.  Report No. TR-104214.


Fitzgerald, W. F., R. P. Mason and G. M. Vandal (1991) Atmospheric Cycling and Air-Water Exchange
of Mercury over Mid-Continental Lacustrine Regions. Water, Air and Soil Poll. 56:745-767.


Fitzgerald, W. F. and T. W. Clarkson (1991) Mercury and Monomethylmercury: Present and Future
Concerns. Envir. Health Perspec. 96:159-166.







9-4


Fitzgerald, W. F. (1994) Global Biogeochemical Cycling of Mercury. Presented at the DOE/FDA/EPA
Workshop on Methylmercury and Human Health, Bethesda, MD March 22-23 1994.


Fitzgerald, W. F. (1995) Is Mercury Increasing in the Atmosphere?  The Need for an Atmospheric
Mercury Network (AMNET).  Water, Air, and Soil Pollution 80: 245-254.


Fitzgerald, W. F., and R. P. Mason (1996) The Global Mercury Cycle: Oceanic and Anthropogenic
Aspects.  Pp. 85-108 in Baeyens, W., R. Ebinghaus, and O. Vasiliev, eds., Global and Regional Mercury
Cycles: Sources, Fluxes and Mass Balances.


Florida Department of Environmental Regulation (1990) Mercury, Largemouth Bass and Water Quality: 
A Preliminary Report.


Fortmann, L. C., D. D. Gay, and K. O. Wirtz (1978) Ethylmercury:  Formation in Plant Tissues and
Relation to Methylmercury Formation.  U.S. EPA Ecological Research Series, EPA-600/3-78-037.


Gerstsenberger, S., J. Pratt-Shelley, M. Beattie and J. Dellinger (1993) Mercury Concentrations of
Walleye (Stizostedion vitreum vitreum) in 34 Northern Wisconsin Lakes. Bull. Environ. Contam.
Toxicol. 50:612-617.


Giesy, J.,  D. Verbrugge, R. Othout, W. Bowerman, M. Mora, et. al. (1994) Contaminants in Fishes from
Great Lakes-influenced Sections and above dams of three Michigan Rivers. I. Concentrations of
organochlorine insecticides, polychlorinated biphenyls, dioxin equivalents and mercury. Arch. Environ.
Contam. Toxicol. 27:202-212.


Glass, G.E., J.A. Sorensen, K.W. Schmidt and G.R. Rapp (1990) New Source Identification of Mercury
Contamination in the Great Lakes.  Environ. Sci. Technol. 24 (7):1059-1069.


Glass, G., J. Sorensen, K. Schmidt, G. Rapp, D. Yap, and D. Fraser (1991) Mercury Deposition and
sources for the Upper Great Lakes Region.  Water, Air and Soil Pollution. 56:235-249.


Glass, G.E., J.A. Sorensen, K.W. Schmidt, G.R. Rapp, D. Yap and D. Fraser (1992) Mercury Sources and
Distribution in Minnesota's Aquatic Resources: Deposition.  Part 1 of Chapter 4 (Mercury Washout from
Precipitation:  Atmospheric Sources) in Mercury in the St. Louis River, Mississippi River, Crane Lake
and Sand Point Lake: Cycling, Distribution and Sources. Report to the Legislative Commission on
Minnesota Resources.  April, 1992.  Water Quality Division  Minnesota Pollution Control Agency St.
Paul, MN.


Gloss, S. P., T. M. Grieb, C. T. Driscoll, C. L. Scholfield, J. P. Baker, D. H. Landers, and D. B. Porcella
(1990) Mercury levels in fish from the Upper Peninsula of Michigan (ELS Subregion 2B) in Relation to
Lake Acidity. USEPA Corvallis Env. Res. Lab. Corvallis.


Greenberg, A., I Wojtenko, H. Chen, S. Krivanek, J. Butler, J. Held, P. Weis and N. Reiss (1992) 
Mercury in Air and Rainwater in the Vicinity of a Municipal Resource Recovery Facility in Western
New Jersey. Presented at International Symposium on Measurement of Toxic and Related Pollutants,
Durham, NC. May 8.


Grieb, T., C. Driscoll, S. Gloss, C. Schofield, G. Bowie and D. Porcella (1990) Factors Affecting
Mercury Accumulation in Fish in the Upper Michigan Peninsula. Environ. Tox. Chem. 9:919-930.







9-5


Hakanson, A. T. Andersson and A. Nilsson (1990) Mercury in Fish in Swedish Lakes-Linkages to
Domestic and European Sources. Water, Air and Soil Poll. 50:171-191.


Hakanson, L. A. Nilsson and T. Anderson (1988) Mercury in Fish in Swedish Lakes. Environmental
Pollution. 49:145-162.


Hanson, P.J., S.E. Lindberg, K.H. Kim, J.G. Owens and T.A. Tabberer (1994) Air/Surface Exchange of
Mercury Vapor in the Forest Canopy I. Laboratory Studies of Foliar Hg Vapor Exchange.  3rd
International Conference on Mercury as a Global Pollutant.  Whistler, BC, Canada (July 10-14, 1994)


Hanson, P.J., S.E. Lindberg, T.A. Tabberer, J.G. Owens and K.-H. Kim (1995) Foliar exchange of
mercury vapor:  Evidence for a compensation point.  Water, Air and Soil Pollution 80:373-382.


Harris, R., Gherini, S.A., and Hudson, R. (1996) Regional Mercury Cycling Model (R-MCM): A Model
for Mercury Cycling in Lakes, Draft User’s Guide and Technical Reference.  Prepared for The Electric
Power Research Institute, Palo Alto, CA and Wisconsin Department of Natural Resources, Monona, WI.


Hatch, W. and W. Ott. (1968) Determination of submicrogram quantities of mercury by atomic
absorption spectrophotometry. Anal. Chem. 40:2085 - 2087.


Hewett and Johnson (1992) Fish Bioenergetics Model 2.  University of Wisconsin Sea Grant Institute
(WIS-SG-91-250).


Hicks, B.B., D.D. Baldocchi, T.P Meyers, R.P. Hosker, Jr., and D.R. Matt (1987) A preliminary multiple 
resistance routine for deriving dry deposition velocities from measured quantities.  Water, Air, and Soil
Pollution 36: 311-330.


Hovart, M., N. S. Bloom, L. Liang (1993a) Comparison of distillation with other current isolation
methods for the determination of methylmercury compounds in low level environmental samples. Part I:
Sediments. Analytica Chimica Acta, 281:135-152.


Hovart, M., L. Liang, N. S. Bloom (1993b) Comparison of distillation with other current isolation
methods for the determination of methylmercury compounds in low level environmental samples. Part II:
Water. Analytica Chimica Acta, 282:153-168.


Hoyer, M., J. Burke and G. Keeler (1995) Atmospheric sources, transport and deposition of mercury in
Michigan: Two years of event precipitation.  Water, Air and Soil Pollution  80:199-208.  


Hudson, R.J.M., Gherini, S.A., Watras, C.J., and Porcella, D.P. (1993) "Modeling the Biogeochemical
Cycle of Mercury in Lakes: the Mercury Cycling Model (Mcm) and its Application to the Mtl Study
Lakes." Mercury as a Global Pollutant: Toward Integration and Synthesis, W.J. Watras and J.W.
Huckabee, Eds, Lewis Publishers.


Hudson, R.,  S. Gherini, W. Fitzgerald, and D. Porcella (1995) Anthropogenic influences on the global
mercury cycle: a model-based analysis. Water, Air, and Soil Pollution 80:265-272.


Hurley, J.P., Benoit, J.M., Babiarz, C.L., Shafer, M.M., Andren, A.W., Sullivan, J.R., Hammond, R., and
Webb, D. (1995) Influences of Watershed Characteristics on Mercury Levels in Wisconsin Rivers. 
Environmental Science and Technology, 29(7):1867-1875.







9-6


Iverfeldt, A., and O. Lindqvist (1986) Atmospheric oxidation of elemental mercury by ozone in the
aqueous phase.  Atmospheric Environment 20:1567-1573.


Iverfeldt, Å. (1991) Occupance and turnover of atmospheric mercury over the nordic countries.  Water,
Air and Soil Pollution 56:251-265.


Jensen, A. and A. Jensen (1991) Historical Deposition Rates of Mercury in Scandinavia Estimated by
Dating and Measurement in Cores of Peat Bogs. Water, Air and Soil Poll. 56:769-777.


Jensen, A., and A. Iverfeldt (1994) Atmospheric Bulk Deposition of Mercury to the Southern Baltic Sea
Area.  Pp. 221-229 in Watras, C. J., and J. W. Huckabee eds. Mercury Pollution: Integration and
Synthesis.


Johansson, K., M. Aastrup, A. Andersson, L. Bringmark and A Iverfeldt (1991) Mercury in Swedish
Forest Soils and Waters-Assessment of Critical Load. Water, Air and Soil Pollution.56:267-281.


John, M.K. (1972) Mercury Uptake from Soil by Various Plant Species.  Bull. Environ. Contam. Toxicol.
8(2):  77-80.


Jernelov, A. and T. Wallin (1973) Air-borne Mercury Fallout on Snow around five Swedish Chlor-alkali
Plants. Atmos. Environ. 7:209-214.


Keeler, G., M. Hoyer, and C. Lamborg (1994) Measurements of Atmospheric Mercury in the Great
Lakes Basin. Pp. 231-241 in Watras, C.J. and J.W. Huckabee eds. Mercury Pollution Integration and
Synthesis.  


Keeler, G., G. Glinsorn and N. Pirrone (1995) Particulate Mercury in the Atmosphere: Its Significance,
Transport, Transformation and Sources.  Water, Air and Soil Pollution 80:159-168. 


Keeler, G. J. (1997) Lake Michigan mass balance study atmospheric mercury data report.
Submitted to the U. S. Environmental Protection Agency, Great Lakes National Program Office,
Chicago, Illinois, for Grant No. GL995569-01


Lambourg, C., W. Fitzgerald, G. Vandal, and K. Rolfhus (1995) Atmospheric Mercury in Northern
Wisconsin: Sources and Species. Water Air Soil Pollut.  80:189-198.


Lambourg, C.H., M.E. Hoyer, G.J. Keeler, I. Olmez and X. Huang (1994) Particulate-Phase Mercury in
the Atmosphere: Collection/Analysis Method Development and Applications. Pp. 251-259 in Watras,
C.J. and J.W. Huckabee eds. Mercury Pollution Integration and Synthesis.  


Lange, T. R., H. R. Royals, and L. L. Conner (1993) Influence of Water Chemistry on Mercury
Concentrations in Largemouth Bass from Florida Lakes. Trans. Amer. Fish. Soc. 122:74-84.


Lathrop, R. C., K. C. Noonan, P. M. Guenther, T. L. Grasino, and P. W. Rasmussen (1989) Mercury
Levels  in Walleyes form Wisconsin Lakes of different Water and Sediment Chemistry Characteristics.
Tech. Bull. No. 163. DNR, State of Wisconsin, Madison.







9-7


Lenka, M., K. K. Panda, and B. B. Panda (1992) Monitoring and Assessment of Mercury Pollution in the
Vicinity of a Chloralkali Plant. IV. Bioconcentration of Mercury in In Situ Aquatic and Terrestrial Plants
at Ganjam, India. Arch. Environ. Contam. Toxicol. 22:195-202.


Lee, Y. and A. Iverfeldt (1991) Measurement of Methylmercury and Mercury in Run-off, Lake and Rain
Waters. Water, Air and Soil Poll. 56:309-321.


Lindberg, S. E., D. R. Jackson, J. W. Huckabee, S. A. Janzen, M. J. Levin, and J. R. Lund (1979)
Atmospheric Emission and Plant Uptake of Mercury from Agricultural Soils near the Almaden Mercury
Mine. J. Environ. Qual. 8(4):572-578.


Lindberg, S. E., R. R. Turner, T. P. Meyers, G. E. Taylor, and W. H. Schroeder (1991) Atmospheric
Concentrations and Deposition of Hg to a Deciduous Forest at Walker Branch Watershed, Tennessee,
USA. Water, Air and Soil Poll. 56:577-594.


Lindberg, S. E., T. P. Meyers, G. E. Taylor, R. R. Turner, and W. H. Schroeder (1992) Atmosphere-
Surface Exchange of Mercury to a Forest: Results of Modelling and Gradient Approaches. J. of Geophy.
Res. 97(D2):2519-2528.


Lindberg, S. and S. Vermette (1995) Workshop on sampling mercury in precipitation for the National
Atmospheric Deposition Program.  Atmospheric Environment  29:1219-1220.


Lindberg, S.E. (1996)  Forests and the Global Biogeochemical Cycle of Mercury: The Importance of
Understanding Air/Vegetation Exchange Processes.  W. Baeyans et al. (Eds.), Global and Regional
Mercury Cycles: Sources, Fluxes, and Mass Balances, 359-380.


Lindqvist, O. and H. Rodhe (1985) Atmospheric Mercury-a review. Tellus. 37B:136-159.


Lindqvist, O., K. Johansson, M. Aastrup, A. Andersson, L. Bringmark, G. Hovsenius, L. Hakanson, A.
Iverfeldt, M. Meili, and B. Timm (1991) Mercury in the Swedish Environment - Recent Research on
Causes, Consequences and Corrective Methods. Water, Air and Soil Poll. 55:(all chapters)


Lowe TP, May TW, Brumbaugh WG, and Kane DA (1985)  National Contaminant Biomonitoring
Program:  Concentrations of seven elements in fresh-water fish, 1978-1981. Arch. Environ. Contamin.
Toxicol. 14: 363-388.   


Lucotte, M., A. Mucci, C. Hillaire-Marcel, P. Pichet, and A. Grondin (1995) Anthropogenic Mercury
Enrichment in Remote Lakes of Northern Quebec (Canada).  Water, Air, and Soil Pollution 80: 467-476.


MacCrimmon, H. R., C. D. Wren, and B. L. Gots (1983) Mercury Uptake by Lake Trout, Salveiinus
namaycush, relative to age, growth and diet in Tadenac Lake with comparative data from other
Precambrian Sheild lakes. Can. J. Fisher. Aq. Sci. 40:114-120.


Mason, R., and W. Fitzgerald (1993) The distribution and biogeochemical cycling of mercury in the
equatorial Pacific Ocean. Deep Sea Resch. 40(9):1897-1924.


Mason, R., and W. Fitzgerald (1996) Sources, Sinks and Biogeochemical Cycling of Mercury in the
Ocean. In: Global and Regional Mercury Cycles: Sources, Fluxes and Mass Balances. Edited by: W.
Baeyens, R. Ebinghaus, and O.Vasiliev. Kluwer Academic Publishers, (Netherlands). 249-272.







9-8


Mason, R.P., W.F. Fitzgerald and F.M.M. Morel (1994) The Biogeochemical Cycling of Elemental
Mercury:  Anthropogenic Influences. Geochimica et Cosmochimicia Acta.  58(15):3191-3198.


Mason, R., F. Morel and H. Egmond (1995) The role of microorganisms in elemental mercury formation
in natural waters. Water Air Soil Pollut 80:775-787.


McIntyre, J.W., J.T. Hickey, K. Karwowski, C.L. Holmquist, and K. Carr (1993) In Proceedings fo the
1992 Conference on the Loon and its Ecosystem Status.  Edited by L. Morse and M. Pokras.  Concord,
NH.  U.S. Fish and Wildlife Service, pp. 73-91.


Meili, M., A. Iverfeldt and L. Hakanson (1991) Mercury in the Surface Water of Swedish Forest Lakes -
Concentrations, Speciation and Controlling Factors, Water, Air, and Soil Pollution 56: 439-453.


Michigan Environmental Science Board (1993) Mercury in Michigan's Environment: Environmental and
Human Health Concerns. Report to Gov. John Engler.


Mierle, G. and R. Ingram (1991) The Role of Humic Substances in the Mobilization of Mercury from
Watersheds. Water, Air and Soil Poll. 56:349-357.


Mills, E.L., W.H. Gutenmann, and D.J. Lisk (1994) Mercury content of small pan fish from New York
State Waters, Chemosphere, Vol. 29, No. 6, pp. 1357-1359.


Mills, W.B., D.B. Porcella, M.J. Ungs, S.A. Gherini, K.V.  Summers, Lingfung Mok,  G.L. Rupp and
G.L. Bowie (1985) Water Quality Assessment: A Screening Procedure for Toxic and Conventional
Pollutants in Surface and Ground Waters (Revised 1985), EPA-600/6-85-002a and b. Volumes I and II.
U.S. Environmental Protection Agency. Athens, GA.


Mitra, S. (1986) Mercury in the Ecosystem. Trans Tech Publications Ltd. Switzerland.


Mosbaek, H., J. C. Tjell, and T. Sevel (1988) Plant Uptake of Mercury in Background Areas.
Chemosphere 17(6):1227-1236.


Munthe, J., Z.F. Xiao, and O. Lindqvist (1991) The aqueous reduction of divalent mercury by sulfite. 
Water Air Soil Pollut.  56:621-630.


Munthe, J. (1992) The aqueous oxidation of elemental mercury by ozone.  Atmospheric Environment
26A:1461-1468.


Munthe, J., and W. McElroy (1992) Some aqueous reactions of potential importance in the atmospheric
chemistry of mercury.  Atmospheric Environment 26A:553-557.


Nagase, H., Y. Ose, T. Sato, and T. Ishikawa. (1982) Methylation of Mercury by Humic Substances in an
Aquatic Environment. Sci. Total Environ. 32:147-156.


NAS (National Academy of Science) (1977) An Assessment of Mercury in the Environment. Safe
Drinking Water Committee, National Research Council.


Nater, E. and D. Grigal (1992) Regional Trends in Mercury Distribution across the Great Lakes States,
north central USA. Nature 358:139-141.







9-9


New Jersey Department of Environmental Protection and Energy (1993) Final Report on Municipal Solid
Waste Incineration. Volume II: Environmental and Health Issues.


New Jersey Department of Environmental Protection and Energy Division of Science and Research
(1994) Preliminary Assessment of Total Mercury Concentrations in Fishes from Rivers, Lakes and
Reservoirs of New Jersey. 93-15F.


New York State Department of Environmental Conservation (1990) Chemical Contaminants in Fish
from the St. Lawrence River Drainage on Lands of the Mohawk Nation at Akwesasne and Near the
General Motors Corporation /Central Foundry Division Massena, New York Plant. Technical Report 90-
1.


Newton, I., I. Wyllie, and A. Asher (1993) Long-term trends in organochlorine and mercury residues in
some predatory virds in Britain.  Environ. Pollut.  79:143-151.


NOAA (1978) as described in the NMFS data base.


Nriagu, J. O. (1979) The Biogeochemistry of Mercury in the Environment. Elsevier/North Holland.
Biomedical Press: New York.


O’Conner, T.P. and B. Beliaeff (1995) Recent Trends in Coastal Environmental Quality: Results from
the Mussel Watch Project. 1986 to 1993.  U.S. Department of Commerce, National Oceanic and
Atmospheric Administration, National Ocean Service, Office of Ocean Resources Conservation and
Assessment, Silver Spring, MD.


Olmez, I., G. Keeler and P. Hopke (1994) Interim Data Interpretation Report of MIT/ALSC Data Set
(MIT Report No. MITNRL-060).


Parks, J. W., A. Lutz, and J. A. Sutton (1989) Water Column Methylmercury in the Wabigoon/English
River-Lake System: Factors Controlling Concentrations, Speciation, and Net Production. Can. J. Fisher.
Aq. Sci. 46:2184-2202.


Pauling, L. (1963) College Chemistry, 3rd Edition.  Freeman Press, NY., p. 505.


PEI Associates, Inc and H.E. Cramer Company, Inc. (1986) Air quality modeling analysis of municipal
waste combustors.  Prepared for Monitoring and Data Analysis Division, Office of Air Quality Planning
and Standards, Research Triangle Park, North Carolina 27711.


Penner, J. E., H. Eddleman, and T. Novakov (1993) Towards the development of a global inventory for
black carbon emissions.  Atmospheric Environment 27A:1277-1295.


Petersen, G., Å. Iverfeldt and J. Munthe, (1995) Atmospheric mercury species over Central and Northern
Europe.  Model calculations and comparison with observations from the Nordic Air and Precipitation
Network for 1987 and 1988.  Atmospheric Environment 29:47-68.


Pollman, C. D., G. A. Gill, W. M. Landing, D. A. Bare, J. Guentzel, D. Porcella, E. Zillioux, and T.
Atkeson. (1994) Overview of the Flordia Atmospheric Mercury Study (FAMS).







9-10


Porcella, D.B. (1994) Mercury in the Environment: Biogeochemistry. Pp. 3-19 in Watras, C.J. and J.W.
Huckabee eds. Mercury Pollution Integration and Synthesis.


Porcella, D. B., P. Chu, and M. A. Allan (1996) Inventory of North American Hg Emissions to the
Atmosphere: Relationship to the Global Mercury Cycle.  Pp. 179-190 in Baeyens, W., R. Ebinghaus, and
O. Vasiliev, eds., Global and Regional Mercury Cycles: Sources, Fluxes and Mass Balances.


Rada, R., J Wiener, M. Winfrey, and D. Powell (1989) Recent increases in atmospheric deposition of
mercury to north-central Wisconsin Lakes inferred from sediment Analysis.  Arch. Environ. Contam.
Toxicol. 18:175-181.


Revis, N. W., T. R. Osborne, G. Holdsworth, and C. Hadden (1990) Mercury in Soil: A Method for
Assessing Acceptable Limits. Arch. Environ. Contam. Toxicol., 19:221-226.


Rolfus, K., and W. Fitzgerald (1995) Linkages between atmospheric mercury deposition and the
methylmercury content of marine fish.  Water Air Soil Pollution 80:291-297


Sanemasa, I. (1975) The solubility of elemental mercury vapor in water.  Bulletin of the Chemical Society
of Japan, 48:1795-1798.


Schuster, E (1991) The Behavior of Mercury in the Soil with special emphasis on Complexation and
Adsorption processes- A Review of the Literature. Water, Air and Soil Poll. 56:667-680.


Schofield, C.L., Driscoll, C.T., Munson, R.K., Yan C., and Holsapple, J.G. (1994) The Mercury Cycle
and Fish in the Adirondack Lakes.  Environmental Science and Technology, 28(3):136A-143A.


Schroeder, W. H. and R. A. Jackson (1987) Environmental Measurements with an Atmospheric Mercury
Monitor having Specific Capabilities. Chemosphere, 16:183-199.


Schroeder, W., G. Yarwood, and H. Niki (1991) Transformation processes involving mercury species in
the atmosphere:  Results from a literature survey.  Water, Air, and Soil Pollution.  56:653-666.


Seinfeld, J. H. (1986) Atmospheric Chemistry and Physics of Air Pollution, John Wiley and Sons, New
York, p. 198-200.


Seritti, A., A. Petrosino, E. Morelli, R. Ferrara, and C. Barghigiani (1982) The biogeochemical cycling of
mercury in the Mediterranean. Part I: Particulate and dissolved forms of mercury in the northern
Tyrrhenian Sea. Environ. Tech. Lett. 3:251-256.


Shannon, J. D., and E. C. Voldner (1994) Modelling Atmospheric Concentrations and Deposition of
Mercury to the Great Lakes. Presented at the DOE/FDA/EPA Workshop on Methylmercury and Human
Health, Bethesda, MD March 22-23 1994.


Shitara, K., and A. Yasumasa (1976) Hokkaidoritzu Eigel kenkyushoho Hokkaidorita 26:73-78.


Simonin, H. A., S. P. Gloss, C. T. Driscoll, C. L. Schofield, W. A. Kretser, R. W. Karcher, and J. Symula
(1994) Mercury in Yellow Perch from Adirondack Drainage Lakes (New York, U.S.), soon to be
published in: (1994) Watras, C. J. and J. W. Huckabee [eds], Mercury Pollution: Integration and
Synthesis, Lewis Publishers, Boca Raton, FL (in press).







9-11


Skinner, L.C., S.J. Jackling, G. Kimber, J. Waldman, J. Shastay, and A.J. Newell (1996) Chemicals in
Fish, Shellfish and Crustaceans from the New York-New Jersey Harbor Estuary: PCB, Organochlorine
Pesticides, and Mercury.  New York State Department of Environmental Conservation, Division of Fish,
Wildlife and Marine Resources, Albany, NY.


Slemr, F. (1996) Trends in Atmospheric Mercury Concentrations over the Atlantic Ocean and at the
Wank Summit, and the Resulting Constraints on the Budget of Atmospheric Mercury.  Pp. 33-84 in
Baeyens, W., R. Ebinghaus, and O. Vasiliev, eds., Global and Regional Mercury Cycles: Sources, Fluxes
and Mass Balances.


Slinn, W.G.N. (1984) Precipitation Scavenging, in Atmospheric Science and Power Production, D.
Randerson, ed.  DOE/TIC-27601.


Sloan, R. (1990) Trends in Mercury Concentrations of the Fish of Onondaga Lake, in Proceedings of the
Onondaga Lake Remediation Conference, Bolton Landing, NY, February 5-8 1990. 


Sorensen, J., G. Glass, K. Schmidt, J. Huber and G. Rapp (1990) Airborne Mercury Deposition and
Watershed Characteristics in Relation to Mercury Concentrations in Water, Sediments, Plankton and
Fish of Eighty Northern Minnesota Lakes.  Environ. Sci. Technol. 24:1716-1727.


Sorensen, J., G. Glass, K. Schmidt, and G. Rapp (1991) Mercury Concentrations in Fish from the St.
Louis River Near the Fond Du Lac-Indian Reservation (Below the Cloquet and White Pine Rivers). First
Year Report on the St. Louis River Water Resources Project.


Sorensen, J.A., G.E. Glass and K.W. Schmidt (1992) Regional Patterns of Mercury Wet Deposition and
Major Ions.  Part 2 of Chapter 4 in Mercury in the St. Louis River, Mississippi River, Crane Lake and
Sand Point Lake: Cycling, Distribution and Sources. Report to the Legislative Commission on Minnesota
Resources.  April, 1992.  Water Quality Division  Minnesota Pollution Control Agency St. Paul, MN.


Sorensen, J.A., G.E. Glass and K.W. Schmidt (1994)  Regional Patterns of Mercury Wet Deposition.
Environ. Sci. Tech. 28:2025-2032.


St. Louis, V.L., Rudd, J.W., Kelly, C.A., Beaty, K.G., Flett, R.JK., and Roulet, N.T.  (1996)  Production
and Loss of Methylmercury and Loss of Total Mercury from Boreal Forest Catchments Containing
Different Types of Wetlands.  Environmental Science and Technology, 30(9):2719-2729.


Stafford, C. P. (1994) Mercury Concentrations in Maine Predatory Fishes.  Masters Thesis, University of
Maine.


Stevens, R. K., R. Zweidinger, E. Edgerton, W. Mayhew, R. Kellog and G. Keeler (1996) Source
characterization in support of modeling the transport of mercury emissions in south Florida.  4th
International Conference on Mercury as a Global Pollutant, August 4-8, 1996, Hamburg, Germany.


 Strobel, C.J., S.J. Benyi, D.J. Keith, H.W. Buffum, E.A. Petrocelli, N.I. Rubinstein, and B. Melzian. 
(1994)  Statistical Summary: EMAP-Estuaries Virginia Province - 1992.  United States Environmental
Protection Agency, Environmental Research Laboratory, Narragansett, RI.  EPA/620/R-94/019.


Somu, E., B.R. Singh, A.R. Selmer-Olsen, and K. Steenburg (1985)  Uptake of Hg-labeled Mercury203


compounds by Wheat and Beans Grown on an oxisol.  Plant and Soil 85: 347-355.







9-12


Sukhenko, S. A., and O. F. Vasiliev (1996) A Regional Mercury Budget for Siberia and the Role of the
Region in Global Cycling of the Metal.  Pp. 123-133 in Baeyens, W., R. Ebinghaus, and O. Vasiliev,
eds., Global and Regional Mercury Cycles: Sources, Fluxes and Mass Balances.


Swain, E. B., and D. D. Helwig (1989) Mercury in Fish from Northeastern Minnesota Lakes: Historical
Trends, Environmental Correlates, and Potential Sources. Journal of the Minnesota Acadamy of Science
55:103-109.


Swain, E. B., D. A. Engstrom, M. E. Brigham, T. A. Henning, and P. L. Brezonik. (1992) Increasing
Rates of Atmospheric Mercury Deposition in Midcontinental North America. Science 257:784-787.


Swedish EPA (1991) Mercury in the Environment: Problems and Remedial Measures in Sweden. ISBN
91-620-1105-7.


Szymczak, J. and H. Grajeta.(1992)  Mercury Concentrations in Soil and Plant Material, Pol. J. Food
Nutr. Sci., Vol 1/42, No.2, pp.31-39.


Tamura, R., M. Fukuzaki, Y. Hirano, and Y. Mitzushima (1985) Evaluation of Mercury Contamination
using Plant Leaves and Humus as Indicators. Chemosphere 14(11/12):1687-1693.


Temmerman, L. R., R. Vandeputte, and M. Guns (1986) Biological Monitoring and Accumulation of
Airborne Mercury in Vegetables. Environ. Poll., 41:139-151.


Temple, P. J. and S. N. Linzon (1977) Contamination of Vegetation, Soil, Snow and Garden Crops by
Atmospheric Deposition of Mercury from a Chlor-Alkali Plant, in (1977)  D. D. Hemphill [ed] Trace
Substances in Environmental Health - XI, Univ Missouri, Columbia. p. 389-398.


U.S. Department of Commerce (1978)  Report on the chance of U.S. seafood consumers exceeding the
current acceptable daily of mercury and on recommended regulatory controls. National Oceanic and
Atmospheric Administration, Washington, DC.


U.S. EPA (1975) Control of Water Pollution from Cropland: Volume I, A Manual for Guideline
Development.  EPA-600/2-75-026a.  Office of Research and Development.


U.S. EPA (1976) Control of Water Pollution from Cropland:  Volume I, An Overview.  EPA-600/2-75-
026b.  Office of Research and Development.


U.S. EPA (1985) Water Quality Assessment:  A Screening Procedure for Toxic and Conventional
Pollutants in Surface and Ground Water (Part 1).  Washington, D.C. EPA/600/6-85/002-A.


U.S. EPA (1988) Drinking Water Criteria Document for Inorganic Mercury. ECAO-CIN-025


U.S. EPA (1990) Methodology for Assessing Health Risks Associated with Indirect Exposure to
Combustor Emission. Interim Final. EPA/600/6-90/003.


U.S. EPA (1990)  Addendum to: 1990 External review draft of Methodology for Assessing Health Risks
Associated with Indirect Exposure to Combustor Emission. Interim Final. EPA/600/6-90/003.







9-13


U.S. EPA (1991) Feasibility of Environmental Monitoring and Exposure Assessment for a Municipal
Waste Combustor:  Rutland, Vermont Pilot Study. EPA/600/8-91/007.


U.S. EPA (1992a) Assessment and Remediation of Contaminated Sediments (ARCS) Program. EPA
905-R92-007.


U.S. EPA (1992b) Assessment and Remediation of Contaminated Sediments (ARCS) Program. EPA
905-R92-008.


U.S. EPA (1992c) National Study of Chemical Residues in Fish.  EPA 823-R-92-008a.


U.S. EPA (1993) Summary Review of Health Effects Associated with Mercuric Chloride.  Office of
Health and Environmental Assessment, Washington, D.C.  EPA/600/R-92/1993.  September 1993.


U.S. EPA (1997)  Locating and Estimating Air Emissions from Sources of Mercury and Mercury
Compounds.  Final Draft Report.  Research Triangle Park, NC.


Vandal, G. and W. Fitzgerald (1995) A Preliminary Mercury budget for Narragansett Bay (Rhode Island,
USA). Water, Air and Soil Pollut. 80:679-682.


Vanoni, V.A. (Ed.)  (1975)  Sedimentation Engineering.  American Society of Civil Engineers, New
York.


Vermette, S., S. Lindberg and N. Bloom (1995) Field tests for a Regional Mercury Deposition Network -
Sampling design and preliminary test results.  Atmospheric Environment  29:1247-1251.


Verta, M., and Matilainen, T.  (1995) Methylmercury Distribution and Partitioning in Stratified Finnish
Forest Lakes.  Water, Air and Soil Pollution, 80:585-588.


Vreman, K., N.J. van der Veen, E.J. van der Molen and W.G. de Ruig (1986) Transfer of cadmium, lead,
mercury and arsenic from feed into milk and various tissues of dairy cows: chemical and pathological
data.  Netherlands Journal of Agricultural Science  34:129-144.


Walcek, C.J., R.A. Brost, J.S. Chang, and M.L. Wesely (1985) SO , sulfate, and HNO  deposition2 3


velocities computed using regional land use and meteorological data.  Atmospheric Environment 20:949-
964.


Watras, C. J. and N. S. Bloom (1992) Mercury and Methylmercury in Individual Zooplankton:
Implications for bioaccumulation. Limnol. Oceanagr., 37(6):1313-1318. 


Watras, C.J., N. S. Bloom, R.J.M. Hudson, S. Gherini, R. Munson, S.A. Claas, K. A. Morrison, J. Hurley,
J.G. Wiener, W.F. Fitzgerald, R. Mason, G. Vandal, D. Powell, R. Rada, L. Rislov, M. Winfrey, J. Elder,
D. Krabbenhoft, A.W. Andren, C. Babiarz, D.B. Porcella, and J.W. Huckabee (1994) Sources and Fates
of Mercury and Methylmercury in Wisconsin Lakes.  In Mercury Pollution:  Integration and Synthesis,
C.J. Watras and J.W. Huckabee, eds.Lewis Publishers, Boca Raton.


Watras, C.J., Morrison, K.A., and Host, J.S.  (1995) Concentration of Mercury Species in Relationship to
Other Site-Specific Factors in the Surface Waters of Northern Wisconsin Lakes.  Limnology and
Oceanography, 40(3): 556-565.







9-14


Weber, J. (1993) Review of possible paths for abiotic methylation of mercury(II) in the aquatic
environment. Chemosphere 26(11):2063-2077.


Wesely, M.L. (1986) On the parameterization of dry deposition of acidifying substances for regional
models.  Internal Report (Nov. 1986):  Interagency Agreement DW89930060-01 to the U.S. Department
of Energy, U.S. Environmental Protection Agency, Atmospheric Sciences Research Laboratory,
Research Triangle Park, NC, 23 pp.


Westling, O. (1991) Mercury in runoff from drained and undrained peatlands in Sweden.  Water Air Soil
Pollut. 56:251.


Whitby, K. (1978) The physical characteristics of sulfer aerosols. Atmosph. Env. 12:135-159.


Wiener, J., W. Fitzgerald, C. Watras and R. Rada. (1990) Partitioning and Bioavailability of Mercury in
an Experimentally Acidified Wisconsin Lake.  Environ. Toxicol. Chem. 9:909-918.


Wiersma, D., B. J. van Goor, and N. G. van der Veen (1986) Cadmium, Lead, Mercury, and Arsenic
Concentrations in Crops and Corresponding Soils in the Netherlands. J. Agric. Food Chem., 34:1067-
1074.


Wilken, R. D. and H. Hintelmann (1991) Mercury and Methylmercury in Sediments and Suspended
particles from the River Elbe, North Germany. Water, Air and Soil Poll. 56:427-437.


Winfrey, M. R. and J. W. M. Rudd (1990) Environmental Factors Affecting the Formation of
Methylmercury in Low pH Lakes. Environ. Toxicol. and Chem., 9:853-869.


World Health Organization (1976) Environmental Health Criteria I, Mercury.  Geneva.


World Health Organization (1989) Environmental Health Criteria 86: Mercury Environmental Aspects.
Geneva.


World Health Organization (1990) Environmental Health Criteria 101: Methylmercury. Geneva.


Wren, C. D., W. A. Scheinder, D. L. Wales, B. M. Muncaster, and I. M. Gray (1991) Relation Between
Mercury Concentrations in Walleye (Sitzostedion vitreum vitreum) and Northern Pike (Esox lucius) in
Ontario Lakes and Influence of Environmental Factors. Can. J. Fisher. Aq. Sci. 44:750-757.


Xiao, Z., D. Stromberg, and O. Lindqvist (1995) Influence of Humic Substances on photolysis of
divalent mercury in aqueous solution. WASP 80:789-798.


Xun, L.,  N. Campbell and J.W. Rudd (1987) Measurements of Specific Rates of Net Methyl Mercury
Production in the Water Column and Surface Sediments of Acidified and Circumneutral Lakes. Can. J.
Fish Aquat. Sci. 44:750-757.







APPENDIX A


ATMOSPHERIC MODELING PARAMETERS







A-i


TABLE OF CONTENTS


Page


A. ATMOSPHERIC MODELING PARAMETERS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A-1


A.1 Phase and Oxidation State of Emitted Mercury. . . . . . . . . . . . . . . . . . . . . . . . . . . . . A-1


A.2 Modeling the Deposition of Mercury . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A-2


A.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A-6







A-ii


LIST OF TABLES AND FIGURES


Tables Page


A-1 Representative Particle Sizes and Size Distribution Assumed for Divalent Mercury 
Particulate Emissions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A-2


A-2 Parameter Values Assumed for Calculation of Dry Deposition Velocities for Divalent 
Mercury Vapor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A-3


A-3 Air Modeling Parameter Values Used in the Exposure Assessment:  Generic Parameters . . . A-5


Figures Page


A-1 Wet Deposition Scavenging Ratios Used in Local Scale Air Modeling for Particulate-Bound 
Mercury (Jindal and Heinold 1991). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A-4







A-1


A. ATMOSPHERIC MODELING PARAMETERS


In this appendix, a summary is provided of the local scale air modeling performed.  The program
used to model the transport of the anthropogenic mercury with 50 km was the ISC3 gas deposition model, 
obtained from USEPA’s Support Center for Regulatory Air Models (SCRAM) website (the program is
called GDISCDFT).  This model has a gas dry deposition model that was applied in this study.  


A.1 Phase and Oxidation State of Emitted Mercury


Reports describe several forms of mercury detected in the emissions from the selected sources. 
Primarily, these include elemental mercury (Hg ) and inorganic mercuric (Hg ).  Generally, only total0 2+


mercury has been measured in emission analyses.  The reports of MHg in emissions are imprecise.  It is
believed that, if MHg is emitted from industrial processes and combustion sources, the quantities emitted
are much smaller than emissions of Hg  and Hg .  Only Hg  and Hg  were considered in the air0 +2 0 +2


dispersion modeling.


The two types of mercury species considered in the emissions are expected to behave quite
differently once emitted from the stack.  Hg , due to its high vapor pressure and low water solubility, is0


not expected to deposit close to the facility.  In contrast, Hg , because of differences in these properties,2+


is expected to deposit in greater quantities closer to the emission sources. 


At the point of stack emission and during atmospheric transport, the contaminant is partitioned
between two physical phases:  vapor and particle-bound.  The mechanisms of transport of these two
phases are quite different.  Particle-bound contaminants can be removed from the atmosphere by both
wet deposition (precipitation scavenging) and dry deposition (gravitational settling, Brownian diffusion). 
Vapor phase contaminants may also be depleted by these processes, although historically their main
impacts were considered to be through absorption into plant tissues (air-to-leaf transfer) and human
exposure (which may occur through inhalation).


For the present analysis, the vapor/particle (V/P) ratio was assumed to be equal to the V/P ratio
as it would exist in stack emissions.  It is recognized that this is a simplification of actual conditions, as
the ratio when emitted from the stack is likely to change as the distance from the stack increases.  The air
concentration used for inhalation was taken as the sum of the vapor and particle air concentrations.  


The particle-size distribution may differ from one combustion process to another, depending on
the type of furnace and design of combustion chamber, composition of feed/fuel, particulate matter
removal efficiency and design of air pollution control equipment, and amount of air in excess of
stoichiometric amounts that is used to sustain the temperature of combustion.  The particle size
distribution used is an estimate of the distribution within an ambient air aerosol mass and not at stack tip. 
Based on this assumption, an aerosol particle distribution based on data collected by Whitby (1978) was
used.  This distribution is split between two modes: accumulation and coarse particles.  The geometric
mean diameter of several hundred measurements indicates that the accumulation mode dominates particle
size, and a representative particle diameter for this mode is 0.3 microns.  The coarse particles are formed
largely from mechanical processes that suspend dust, sea spray and soil particles in the air.  A
representative diameter for coarse particles is 5.7 microns.  The fraction of particle emissions assigned to
each particle class is approximated based on the determination of the density of surface area of each
representative particle size relative to total surface area of the aerosol mass.  Using this method,
approximately 93% and 7% of the total surface area is estimated to be in the 0.3 and 5.7 micron diameter
particles, respectively (Table A-1).
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Table A-1
Representative Particle Sizes and Size Distribution 


Assumed for Divalent Mercury Particulate Emissions


Representative Particle Size Assumed Fraction of Particle
(microns)* Emissions in Size Category


0.3 0.93


5.7 0.07


*These values are based on the geometric means of aerosol particle distribution measurements as described in Whitby (1978).


The speciation estimates for the model plants were made from thermal-chemical modeling of
mercury compounds in flue gas, from the interpretation of bench and pilot scale combustor experiments,
and from interpretation of available field test results.  The amount of uncertainty surrounding the
emission rates data varies for each source.  There is also a great deal of uncertainty with respect to the
species of mercury emitted.


Although the speciation may change with distance from the local source, it was assumed for this
analysis that there were no plume reactions that significantly modified the speciation at the local source. 
Because of the differences in deposition characteristics of the two forms of mercury considered, the
assumption of no plume chemistry is a particularly important source of uncertainty.


A.2 Modeling the Deposition of Mercury


Once emitted from a source, the mercury may be deposited to the ground via two main processes:
wet and dry deposition.  Wet deposition refers to the mass transfer of dissolved gaseous or suspended
particulate mercury species from the atmosphere to the earth's surface by precipitation, while dry
deposition refers to such mass transfer in the absence of precipitation. 


The deposition properties of the two species of mercury addressed in stack emissions, elemental
and divalent mercury, are considered to be quite different.  Due to its higher solubility, divalent mercury
vapor is thought to deposit much more rapidly than elemental mercury.  However, at this time no
conclusive data exist to support accurate quantification of the deposition rate of divalent mercury vapor. 
In this analysis, nitric acid vapor is used as a surrogate for Hg  vapor based on their similar solubilities++


in water.  Whether a pollutant is in the vapor form or particle-bound is also important for estimating
deposition, and each is treated separately.


Dry deposition is estimated by multiplying the predicted air concentration at ground level by a
deposition velocity.  For particles, the dry deposition velocity is estimated using the CARB algorithms
(CARB 1986) that represent empirical relationships for transfer resistances as a function of particle size,
density, surface area, and friction velocity.  For the vapor phase fraction for elemental mercury, a single
dry deposition velocity of 0.06 cm/s is assumed.  This is based on the average of the winter and summer
deposition velocities presented in Lindberg et al. (1992) for forests.  Although it is generally
acknowledged 
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that elemental mercury dry deposits with a (net) rate much lower than divalent mercury vapor, the precise
value is uncertain, and there can be considerable variability with season and time of day.  A further issue
is that dry deposition of elemental mercury may not occur at all unless the air concentration is
sufficiently high.  Preliminary research (Hanson et al.1995) indicates that under some experimental
conditions no dry deposition occurs unless the air concentration is at least about 10 ng/m .  The value at3


which dry deposition would begin to occur (the compensation point) is expected to depend on many
factors, including time of year and flora type. These preliminary results were not specifically addressed
in the current study; however, sensitivity analyses were conducted in order to determine the possible
impact that such a compensation point might have on the predicted dry deposition of elemental mercury.


In ISC-GAS, the dry deposition of divalent mercury vapor was modeled by calculating a dry
deposition velocity for each hour using the assumptions usually made for nitric acid for the input
parameters (see EPA 1996; User’s Guide for the Gas Dry Deposition Model, page inserts to the User’s
Guide for the Industrial Source Complex (ISC3) Dispersion Models).  The values assumed are provided
in Table A-2 below.  Ultimately, using these assumptions, the average predicted dry deposition velocity
was about 2.9 cm/s for divalent mercury vapor, which is essentially the average of the values used in the
RELMAP modeling for coniferous forests.


Table A-2
Parameter Values Assumed for Calculation of Dry Deposition


 Velocities for Divalent Mercury Vapor


Parameter Value


Molecular diffusivity (cm /sec) 0.16282


Solubility enhancement factor 109


Pollutant reactivity 800


Mesophyll resistance 0


Henry’s law coefficient 2.7e-7


Wet deposition is estimated assuming that the wet deposition rate is characterized by a
scavenging coefficient that depends on precipitation intensity and particle size.  For particles, the
scavenging ratios used are from Jindal and Heinold (1991) (see Figure A-1).  For the vapor phase
fraction, a scavenging coefficient is also used, but it is calculated using estimates for the washout ratio,
which is the ratio of the concentration of the chemical in surface-level precipitation to the concentration
in surface-level air.  Because of its higher solubility, divalent mercury vapor is assumed to be washed out
at significantly higher rates than elemental mercury vapor.  The washout ratio for divalent mercury vapor
was selected based on an assumed similarity between scavenging for divalent mercury and gaseous nitric
acid.  This is based on Peterson et al. (1995), and the value used for the washout ratio for divalent vapor
was 1.6 x 10 . The washout ratio for elemental mercury vapor was assumed to be 1200.  This is a6


calculated value based on the model of Peterson et al. (1995), with a soot concentration zero.


Other options utilized in the local air modeling of mercury are summarized in Table A-3.
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Figure A-1
Wet Deposition Scavenging Ratios Used in Local Scale Air Modeling for Particulate-Bound


Mercury (Jindal and Heinold 1991)
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Table A-3
Air Modeling Parameter Values Used in the 
Exposure Assessment:  Generic Parameters


Parameter Value Used in Study


Particle Density (g/cm ) 1.83


Surface Roughness Length (m) 0.30


Anemometer Height (m) 10


Values used for options:


Final plume rise Default


Stack-tip downwash Default


Buoyancy-induced dispersion Default


Calms processing routine Used


Missing data processing routine Not used


Wind profile exponents Default


Vertical potential temperature gradients Default


Values for supersquat buildings “Upper Bound”


Rural mode setting No exponential decay


State of vegetation Active and Unstressed


Type of Dispersion Rural


Dry depletion setting True


Wet depletion setting True


Type of terrain Flat
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DISTRIBUTION NOTATION


A comprehensive uncertainty analysis was not conducted as part of this study.  Initially,
preliminary parameter probability distributions were developed.  These are listed in this appendix.  These
were not utilized in the generation of quantitative exposure estimates.  They are provided as a matter of
interest for the reader.


Unless noted otherwise in the text, distribution notations are presented as follows.


Distribution Description


Log (A,B) Lognormal distribution with mean A and standard deviation B


Log*(A,B) Lognormal distribution, but A and B are mean and standard deviation
of underlying normal distribution.


Norm (A,B) Normal distribution with mean A and standard deviation B


U (A,B) Uniform distribution over the range (A,B)


T (A,B,C) Triangular distribution over the range (A,C) with mode of B
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B.1 SCENARIO INDEPENDENT PARAMETERS


This part of Appendix B describes the scenario-independent parameters used in the exposure
modeling for the Mercury Study Report to Congress.  Scenario independent parameters are variables
whose values are independent of a particular site and are constant among various site-specific situations. 
Examples of scenario independent parameters are air density, the average height of an adult, or the
average crop yield of a particular food item.  These scenario independent parameters may be either
chemical independent or chemical dependent.  The following sections present the chemical independent
and chemical dependent parameters used in this study.


B.1.1 Chemical Independent Parameters


Chemical independent parameters are variables that remain constant despite the specific
contaminant being evaluated.  The chemical independent variables used in this study are described in the
following sections.


B.1.1.1 Basic Constants


Table B-1 lists the chemical independent constants used in the study, their definitions, and
values. 


Table B-1
Chemical Independent Constants


Parameter Description Value


R ideal gas constant 8.21E-5 m -atm/mole-K3


pa air density 1.19E-3 g/cm3


ua viscosity of air 1.84E-4 g/cm-second


� abiotic solids density 2.7 g/cmpa
3


Cdrag drag coefficient 1.1E-3


� Von Karman's coefficient 7.40E-1


� boundary thickness 4.0 2


B.1.1.2 Receptor Parameters


Receptor parameters are variables that reflect information about potential receptors modeled in
the study.  These parameters include body weight, exposure duration, and other characteristics of
potential receptors.


B.1.1.2.1  Body Weight


Parameter: BWa, BWc


Definition: Body weights (or masses) of individual human receptors


Units: kg
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Receptor Default Value (kg)


Child 17


Adult 70


Technical Basis:


The default values for children and adults are those assumed in U.S. EPA, 1990.


B.1.1.2.2  Exposure Duration


Parameter: ED


Definition: Length of time that exposure occurs.


Units: years


Receptor Default Value Distribution Range
(years) (years)


Child 18 U(1,18) 1-18


Adult 30 U(7,70) 7-70


Technical Basis:


The 18-year exposure duration for the child is based on U.S. EPA guidance for this study.  For
adults, the 30-year duration is the assumed lifetime of the facility (U.S. EPA, 1990).  It should be noted
for noncarcinogenic chemicals the exposure duration is not used in the calculations.   The range and
distribution are arbitrary to determine the relative sensitivity of this variable, when appropriate.







B-3


B.1.1.3 Agricultural Parameters


B.1.1.3.1  Interception Fraction


Parameter: RPi


Definition: The fraction of the total deposition within a unit area that is initially intercepted by
vegetation.


Units: unitless


Crop Value Distribution Range
Default  


Leafy vegetables 0.15 Log (0.16, 0.10) 0.08 - 0.38


Legume vegetables 0.008 Log(0.008, 0.004) 0.005 - 0.01


Fruiting vegetables 0.05 Log(0.05, 0.05) 0.004 - 0.08


Rooting vegetables 0 N/A N/A


Grains and cereals 0 N/A N/A


Forage 0.47 Norm(0.47, 0.3) 0.02 - 0.89


Silage 0.44 Log (0.44, 0.3)


Fruits 0.05 Log (0.05, 0.05) 0.004 - 0.08


Potatoes 0 N/A N/A


Technical Basis:


For leafy vegetables, Baes et al. (1984) obtained an average interception fraction of 0.15 where it
was emphasized that this value represents a theoretical average over the United States.  This value was
calculated assuming a logistic growth pattern for leafy vegetables and taking into account a distribution
of field spacings (for details see Baes et al., p.68).  The associated distribution and ranges shown in the
previous table were calculated based on Baes's analyses by Belcher and Travis (1989).


For legumes and fruits, Belcher and Travis (1989) used the exposed produce equation that relates
the interception fraction to the standing crop biomass (also called productivity) and crop biomass values
from Shor et al. (1982) to obtain the range of values given in the previous table. The values for fruiting
vegetables are assumed to be the same as for fruits.


The distribution for forage is based on the work of Hoffman and Baes (1979), who determined
that the values are normally distributed with the parameters presented in the previous table.


The value for silage was calculated in Baes et al. (1984) and is based essentially on sorghum and
corn plantings (Knott, 1957; Rutledge, 1979).


Potatoes, root vegetables and grains are assumed to equal zero since the edible portion of the
plant is protected from direct deposition (grains have a protective husk). 


B.1.1.3.2  Length of Plant Exposure
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Parameter: TPi


Definition: The amount of time that the edible part of an exposed plant is exposed to direct
deposition.


Units: years


Plant Type Default Value Distribution Range
(years) (years)


Leafy vegetables 0.157 U(0.082,0.247) 0.082- 0.247


Legume vegetables 0.123 U(0.082,0.247) 0.082- 0.247


Fruiting vegetables 0.123 U(0.082,0.247) 0.082 - 0.247


Forage 0.123 U(0.082,0.247) 0.082 - 0.247


Silage 0.123 U(0.082,0.247) 0.082 - 0.247


Fruits 0.123 U(0.082,0.247) 0.082 - 0.247


Technical Basis:


Bounding estimates were obtained by assuming an average time between successive harvests of
30 and 90 days.  This range is based on the values in Baes et al. (1984) of 60 to 90 days and the reported
values by the South Coast Air Quality Management District (SCAQMD) (1988) of 45 days for tomatoes
and 30-85 days for lettuce.


The default value for leafy vegetables is the midpoint of the range for lettuce.  The values for
legumes, fruits and fruiting vegetables are based on the value of 45 days for tomatoes.   The value for
forage and silage is the average time between successive hay harvests and successive grazings by cattle
(Baes et al., 1984).
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B.1.1.3.3  Plant Yield


Parameter: YPi


Definition: Yield of the ith plant per unit area.


Units: kg (dry weight)/m2


Type of Crop Default Value (kg Range (kg (dry  Distribution
(dry weight)/m ) weight)/m )2 2


Leafy vegetables 0.177 0.091 - 0.353 Log (0.177, 0.086)


Legume vegetables 0.104 0.077 - 0.130 Log (0.104, 0.038)


Fruiting vegetables 0.107 0.012 - 0.253 Log(0.107, 0.093)


Rooting vegetables 0.334 0.090 - 0.434 Log(0.334, 0.142)


Grains and cereals 0.3 0.14 - 0.45 Log (0.30, 0.09)


Forage 0.31 0.02- 0.75 0.84482993969


Fruits 0.107 0.012 - 0.253 Log(0.107, 0.093)


Potatoes 0.48 0.405 - 0.555 Log (0.48, 0.106)


Silage 0.84 0.3- 1.34 Log(0.84,0.26)


Technical Basis:


The distributions and ranges shown for all but the silage values are those used in Belcher and
Travis (1989).  The distributions selected were chosen based on a probability plot for leafy vegetables
with data in Shor et al. (1982).  The default values are the means of the distributions.  Silage was not
considered in Belcher and Travis (1989), but the same method by which the default values and
distributions were calculated there were replicated using data from Shor et al. (1982) for the purpose of
this assessment.
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B.1.1.3.4  Plant Ingestion by Animals


Parameter: QPij


Definition: The daily consumption of plants by livestock.


Units: kg dry weight/day


Livestock Consumption Default Value Distribution Range
 of Plants  (kg dry weight/day) (kg dry weight/day)


Beef/Beef Liver   


grain 0.97 U(0.5,6.5) 0.5-6.5


forage 8.80 U(2.0,9.0) 2.0-9.0


silage 2.50 U(1,5) 1.0-5.0


Dairy


grain 2.60 U(0.5,6.5) 0.5 - 6.5


 forage 11.0 U(7,15) 7.0-15.0


silage 3.30 U(1,5) 1.0-5.0


 Pork


  grain 3.0 U(2,4) 2.0-4.0


 silage 1.3 U(0.5,3) 0.5-3.0


 Sheep (lamb)


 forage 1.1 U(0,2) 0.0 - 2.0


Poultry/Eggs


grain 0.08 U(0.04,0.10) 0.04-0.10


Technical Basis:


With the exception of the beef liver, egg and lamb-forage values, the default values are from
U.S. EPA (1990).  The value for beef liver is assumed to be the same as for cattle, and the value for eggs
is assumed to be the same as for poultry.  The value for lamb-forage is from the National Academy of
Sciences (NAS,1987). 


The ranges shown are based on a combination of the ranges determined by Belcher and Travis
(1989), the U.S. EPA (1990) values, and the objective of capturing all of the most likely values.


Although lognormal distributions were chosen in Belcher and Travis (1989), this was not based
on the actual distribution of the available data; that is, no probability plots were done.  For that reason,
uniform distributions are suggested here.
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B.1.1.3.5  Soil Ingestion by Animals


Parameter: QSj


Definition: Quantity of soil ingested daily by the a specific animal.


Units: kg/day


Livestock Default Value Range
(kg/day) (kg/day)


Beef/beef liver 0.39 0.1 - 0.72


Dairy 0.41 0.1 - 0.72


Pork 0.034 0.0 - 0.0688


Sheep (lamb) 0.05 0.01 - 0.15


Poultry/eggs 0.009 0.006 - 0.012


Technical Basis:


The values for beef cattle and dairy cattle are from McKone and Ryan (1989).  The value for
beef liver is assumed to be the same as for beef.  The value for pork is the mean of the distributions used
in Belcher and Travis (1989) and are based on values in Fries (1987).  The sheep value is from Fries
(1982).  The value for poultry is the mean of the distribution used in the Hanford Environmental Dose
Reconstruction Project (HEDR, 1992) and is based on values for free-ranging chickens.  The range is that
used in HEDR (1992).


For beef, dairy and pork, the ranges are from Belcher and Travis (1989).


The range for sheep is based on the values reported in Fries (1982).  The lower end of the range
is for sheep that are fed in a lot, in which case they eat little soil.  The upper end is based on sheep
grazing on poor pasture land.
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B.1.1.4 Exposure Parameters


Exposure parameters are variables that directly affect an individual's dose or intake of a
contaminant.  Such parameters include inhalation and ingestion rates of air, water and crops and the
surface area of skin for the purposes of dermal contact scenarios.


B.1.1.4.1  Inhalation Rate


Parameter: INH


Definition: Rate of inhalation of air containing contaminants.


Units: m /day3


Receptor Default Value Distribution
(m /day)3


Infant 5.14 T(1.7,5.14,15.4)


Child 16 T(2.9,16,53.9)


Adult 20 T(6,20,60)


Technical Basis:


The default value for infants is the central value of the distribution used for 1 year olds in
Hanford Environmental Dose Reconstruction Project (HEDR) (1992) and is from Roy and Courtay
(1991). The default value for children is based on U.S. EPA (1990).   The default value for adults is that
recommended in U.S. EPA (1989b), which states that this value represents a reasonable upper bound for
individuals that spend a majority of time at home.


The range for infants is that used for 1 year olds in HEDR (1992) and was determined  by scaling
the value 5.14 by 0.3 and 3.0, respectively.  The range for children is the smallest range containing the
values used for 5-, 10-, and 15-year-old children in HEDR (1992).  The range for the adult was obtained
by scaling the default value by the same numbers used for infants of 0.3 and 3.0 (we note that HEDR,
1992 used a slightly higher central value of 22 m /day).3


To prevent a bias towards upper-end inhalation rates, triangular distributions were considered
more appropriate than more arbitrary uniform distributions, with a most likely value equal to the default
value.
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B.1.1.4.2  Consumption Rates


Parameter: CPi, CAj


Definition: Consumption rate of food product per kg of body weight per day.


Units: g dry weight/kg BW/day


Food Type Child (gDW/kgBW/day) Adult (g DW/kg BW/day)


Leafy Vegetables 0.008 0.0281


Grains and cereals 3.77 1.87


Legumes 0.666 0.381


Potatoes 0.274 0.170


Fruits 0.223 0.570


Fruiting vegetables 0.120 0.064


Rooting Vegetables 0.036 0.024


Beef, excluding liver 0.553 0.341


Beef liver 0.025 0.066a


Dairy (milk) 2.04 0.599


Pork 0.236 0.169


Poultry 0.214 0.111


Eggs 0.093 0.073


Lamb 0.061 0.057a


 Only the 95-100 percentile of the data from TAS (1991) was nonzero.a


Technical Basis:


All of the values reported above are given on a gram dry weight per kg of body weight per day
basis.  With the exception of the ingestion rates for adults for leafy vegetables and fruits, the values are
either the 50-55 percentile (or the 95-100 percentile if the median was zero) of the data from Technical
Assessment Systems, Inc. (TAS).  The values for the percentiles were reported in g DW/kg of body
weight per day. 


TAS conducted this analysis of food consumption habits of the total population and five
population subgroups in the United States. The data used were the results of the Nationwide Food
Consumption Survey (NFCS) of 1987-88 conducted by the United States Department of Agriculture. 
The information in the NFCS was collected during home visits by trained interviewers using one-day
interviewer-recorded recall and a two-day self-administered record.  A stratified area-probability sample
of households was drawn in the 48 contiguous states from April 1987 to 1988.  More than 10,000
individuals provided information for the basic survey.
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Each individual's intake of food was averaged across the 3 days of the original NFCS survey, and
food consumption for each food group was determined for each individual.  Percentiles were then
computed for six population subgroups:


� U.S. population
� males > 13 years
� females > 13 years
� children 1-6 years
� children 7-12 years
� infants < 1 year.


The values for children in the previous table are based on the data for children between 7 and 12
year of age, while the adult values are for males older than 12 years of age.  The males older than
12 years of age were chosen to represent the adult since rates for females are lower; this is recognized to
be somewhat conservative.  The United States population rates include the rates of children which were
considered inappropriate for the hypothetical adult receptors modeled in this analysis.


The values for leafy vegetables and fruits for adults are from U.S. EPA (1989b).


B.1.1.4.3  Soil Ingestion Rate


Parameter: Cs


Definition: Amount of soil ingested daily.


Units: g/day


Receptor Default Value (g/day) Distribution Range (g/day)


Pica Child 7.5 U(5,10) 5-10


Child 0.2 U(0.016,0.2) 0.016-0.2


Adult 0.1 U(0.016,0.1) 0.016-0.1


Technical Basis:


Soil ingestion may occur inadvertently through hand-to-mouth contact or intentionally in the
case of a child who engages in pica.  The default values for adults and non-pica children are those
suggested for use in U.S. EPA (1989b).  More recent studies have found that these values are rather
conservative.  For example,  Calabrese and Stanek (1991) found that average soil intake by children was
found to range from 0.016 to 0.055 g/day.  This range, in conjunction with the suggested U.S. EPA
values, was used to obtain the ranges shown.


Several studies suggest that a pica child may ingest up to 5 to 10 g/day (LaGoy, 1987, U.S. EPA,
1989b).  This range was selected, and the midpoint was chosen as the default value.







B-11


B.1.1.4.4  Groundwater Ingestion Rate


Parameter: Cw


Definition: The amount of water consumed each day.


Units: L/day


Receptor Default Values Distribution
(L/day)


Child 1.0 Log*(0.378; 0.079)


Adult 2.0 Log*(0.1; 0.007)


Technical Basis:


The default values for children and adult are those also suggested in U.S. EPA (1989b) and were
first published by the Safe Drinking Water Committee of the National Academy of Sciences (NAS,
1977).


The distributions are those computed in Roseberry and Burmaster (1992).  In that paper,
lognormal distributions were fit to data collected in a national survey for both total water intake and tap
water intake by children and adults.  These data were originally gathered in the 1977-1978 Nationwide
Food Consumption Survey of the United States Department of Agriculture and were analyzed by Ershow
and Cantor (1989).


In Roseberry and Burmaster (1992), distributions were fit to the intake rates for humans ages 0-1
year, 1-11 years, 11-20 years, 20-65 years and older than 65 years.  The distribution for children ages 1-
11 was chosen for the child's distribution given in the previous table and the distribution for adults ages
20-65 was used for the adult.  For the purpose of the present analysis, the tap water intake was deemed
more appropriate than total water intake. The total water intake included water intrinsic in foods that are
accounted for in the agricultural pathways, while the tap water intake was the sum of water consumed
directly as a beverage and water added to foods and beverages during preparation.


The minima and maxima were selected as the 2.5 and 97.5 percentiles, respectively.
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B.1.1.4.5  Fish Ingestion Rate


Parameter: Cf


Definition: Quantity of locally - caught fish ingested per day.


Units: g/day


Receptor Default Value (g/day)


High End Fisher   60


Child of high end fisher 20


Recreational Angler 30


Technical Basis:


Because of the bioaccumulation of methylmercury in fish, the fish ingestion rate is an important
parameter for modeling mercury exposure.  Fish consumption rates are difficult to determine for a
general population study because individual fish ingestion rates vary widely across the United States. 
This animal protein source may be readily consumed or avoided on a seasonal, social, economic or
demographic basis.  Ideally, for an actual site, specific surveys identifying the type, source, and quantity
of fish consumed by area residents would be used.  Within the context of this study, it is not possible to
characterize this variability completely.  (Please see Chapter 4 of Volume IV of this Report for a more
complete discussion of reported fish consumption rate variability.)


For this part of the assessment, individuals in three broad groups of exposed populations will be
considered:  high end fishers, recreational anglers and the general population.  For the general
population, no commercial distribution of locally caught fish was assumed.  All consumers of locally-
caught fish were assumed to be recreational anglers or subsistence fishers.


In U.S. EPA's 1989 Exposure Factors Handbook, fish consumption data from Puffer (1981) and
Pierce et al. (1981) are suggested as most appropriate for fish consumption of recreational anglers from
large water bodies.  The median of this subpopulation is 30 g/day with a 90th percentile of 140 g/day
(340 meals/year).  The median was used as the surrogate value for recreational anglers.


For subsistence fishers, human fish consumption data were obtained from the report of the
Columbia River Inter-Tribal Fish Commission (1994), which estimated fish consumption rates for
members of four tribes inhabiting the Columbia River Basin.  The estimated fish consumption rates were
based on interviews with 513 adult tribe members who lived on or  near the reservation.  The participants
had been selected from patient registration lists provided by the Indian Health Service.  Adults
interviewed provided information on fish consumption for themselves and for 204 children under 5 years
of age.


During the study fish were consumed by over 90% of the population with only 9% of the
respondents reporting no fish consumption.  Monthly variations in consumption rates were reported. The
average daily consumption rate during the two highest intake months was 107.8 grams/day, and the daily
consumption rate during the two lowest consumption months was 30.7 grams/day.  Members who were
aged 60 years and older had an average daily consumption rate of 74.4 grams/day.  During the past two
decades, a decrease in fish consumption was generally noted among respondents in this survey.  The
maximum daily consumption rate for fish reported for this group was 972 grams/day.
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The mean daily fish consumption rate for the total adult population (aged 18 years and older)
was reported to be 59 grams/day.  The mean daily fish consumption rate for the adult females surveyed
was 56 g/day and the mean daily fish consumption rate for the adult males surveyed was 63 grams.  A
value of 60 grams of fish per day was selected for the subsistence angler modeled in this report.


Other fish consumption rate studies for specific subpopulations (i.e., anglers and subsistence
consumers) have been conducted.  These studies are briefly described in Chapter 4 of Volume IV of this
Report.  These studies demonstrate the wide range of fish consumption rates exhibited across the U.S.
population.  They also tend to corroborate the estimates to be used in this analysis.  These analyses also
illustrate the difficulty in determining average and high-end consumption rates for subpopulations
considered to be more likely to consume more fish.


In the lacustrine scenarios of this assessment, all fish were assumed to originate from the lakes,
which are considered to represent several small lakes that may be present in a hypothetical location.


The effects of fish preparation for food on extant mercury levels in fish have also been evaluated
(Morgan et al., 1994).  Total mercury levels in walleye  were found to be constant before and after
preparation; however, mercury concentrations in the cooked fish were increased 1.3 to 2.0 times when
compared to mercury levels in the raw fish.  It was suggested that this increase was probably due to
water and fat loss during cooking and fish skin removal.  A preparation factor adjustment was noted but
not implemented in this analysis because human consumption levels were measured on uncooked fish. 
(For more information see Chapter 4 of Volume IV of this Report.)
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B.1.1.4.6  Contact Fractions


Parameter: FPi, Faj


Definition: That fraction of the food type grown or raised on contaminated land


Units: Unitless


Food Subsistence Rural Home Urban Gardener Comment
Farmer Gardener/


Subsistence Fisher


Grains 1 0.667 0.195 Values are for corn from
Table 2-7 in U.S. EPA
(1989b)


Legumes 1 0.8 0.5 Values are for peas from
Table 2-7 in U.S. EPA
(1989b).


Potatoes 1 0.225 0.031 Values are for total fresh
potatoes from Table 2-7 in
U.S. EPA (1989b).


Root Vegetables 1 0.268 0.073 Values are for carrots from
Table 2-7 in U.S. EPA
(1989b).


Fruits 1 0.233 0.076 citrus fruit from Table 2-7
Values are for Total non-


in (1989b).


Fruiting 1 0.623 0.317 Values are for tomatoes
Vegetables from Table 2-7 in U.S. EPA


(1989b).


Leafy Vegetables 1 0.058 0.026 Values are for lettuce from
U.S. EPA (1989b).


Beef 1 0 0


Beef liver 1 0 0


Dairy 1 0 0


Pork 1 0 0


Poultry 1 0 0


Eggs 1 0 0


Lamb 1 0 0


Technical Basis:


The values for the subsistence farmer are consistent with the assumptions regarding this scenario. 
The values for the gardeners are from U.S. EPA (1989b), per U.S. EPA guidance.  Because it is assumed
that only the subsistence farmers will consume contaminated animal products, the contact fractions for
gardeners is zero for consumption of local animal products.
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B.1.2 Chemical Dependent Parameters


Chemical dependent parameters are variables that change depending on the specific contaminant
being evaluated.  The chemical dependent variables used in this study are described in the following
sections.


B.1.2.1 Basic Chemical Properties


The following sections list the chemical properties used in the study, their definitions, and
values.


B.1.2.1.1  Molecular Weight


Parameter: MW


Definition: The mass in grams of one mole of molecules of a compound.


Units: g/mole


Chemical Default Value (g/mole)


Hg , Hg 2010 2+


Methylmercury 216


Methyl mercuric chloride 251


Mercuric chloride 272


B.1.2.1.2  Henry's Law Constant


Parameter: H


Definition: Provides a measure of the extent of chemical partitioning between air and water at
equilibrium.


Units: atm-m /mole3


Chemical Default Value (atm-m /mole)3


Hg 7.1x100 -3


HgII (HgCl ) 7.1x102
-10


Methylmercury 4.7x10-7


Technical Basis:


The Henry’s Law constant is set to 0.0071 atm-m /mole for Hg  (Iverfeldt and Persson, 1985)3 0


and 4.7×10  atm-m /mole for MHg (Lindquist and Rodhe, 1985). -7 3
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B.1.2.1.3  Soil-Water Partition Coefficient


Parameter: Kd


Definition: Equilibrium concentration in soil particulates divided by concentration in soil water.


Units: mL/g


Chemical Default Value (mL/g) Range


Hg 1000 --0


HgII 58,000 24,000-270,000


Methylmercury  7,000 2,700-31,000


Technical Basis:


Calculated soil-water partition coefficients for HgII in the upper soil layer are reported to range
between 24,000 and 270,000 mL/g, with a mean value of about 60,000 mL/g ( Lyon, et al., 1997).  For
MHg, values range between 2,700 and 31,000 mL/g, with a mean value of about 6,700 mL/g. 


B.1.2.1.4  Sediment-to-Water Partition Coefficient


Parameter: Kdb


Definition: Equilibrium concentration in sediment solid divided by concentration in pore water.


Units: mL/g


Chemical Default Value Range
(mL/g)


Hg 3000 --0


HgII 50,000 16,000-990,000


Methylmercury 3000 2,200-7,800


Technical Basis:


Calculated benthic sediment partition coefficients for HgII are reported to range between 16,000
and 990,000 mL/g, with median values between 54,000 and 79,000 mL/g ( Lyon, et al., 1997).  For MHg,
values range between 650 and 110,000 mL/g, with median values between 6100 and 9000 mL/g.  In the
R-MCM model (Harris, et al, 1996) the partitioning of HgII to benthic solids in four lakes ranges from
30,000 to 100,000 mL/g, while the partitioning of MHg ranges from 2,200 to 7,800 mL/g. (see Table 6-
17, in Chapter 6 of Volume III).  The values chosen here are at the lower mid-range of the reported
values.
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B.1.2.1.5  Suspended Sediment-Water Partition Coefficient


Parameter: Kdw


Definition: Suspended sediment-water partition coefficient.


Units: L/kg


Chemical Default Value (L/kg) Range


Hg 1000 --0


HgII 100,000 1,380-270,000


Methylmercury 100,000 94,000-250,000


Technical Basis:


The estimated value for both Hg(II) and MHg is consistent with available literature on suspended
sediment partition coefficients, with reported values of 1380-188,000 (Moore and Ramamoduray, 1980),
118,000 (Glass et al. 1990), and 86,800-113,000 (Robinson and Shuman, 1989).  In the R-MCM model
(Harris, et al, 1996) the partitioning of HgII to abiotic suspended solids in four lakes ranges from 80,000
to 270,000 L/kg, while the partitioning of MHg ranges from 94,000 to 250,000 L/kg. (see Table 6-17, in
Chapter 6 of Volume III).  


B.1.2.1.6  Suspended Biotic Solids-Water Partition Coefficient


Parameter: KBio


Definition: Suspended biotic solids-water partition coefficient.


Units: L/kg


Chemical Default Value (L/kg)


Hg 10000


HgII 200,000


Methylmercury 500,000


Technical Basis:


Because of higher organic matter content, partitioning to biotic solids should be similar to, but
slightly higher than partitioning to abiotic solids.  In the R-MCM model (Harris, et al, 1996) the
partitioning of HgII to total (abiotic plus biotic) suspended solids is calculated to be 20-25% higher than
partitioning to abiotic solids (see Table 6-17, in Chapter 6 of Volume III).  Given the low ratio of biotic
to total solids, the effective partition coefficients of HgII to biotic solids should be about a factor of 1.5 -
2 higher than the partition coefficients to abiotic solids.  Likewise, the partitioning of MHg to total
suspended solids is about 2.5 times higher than partitioning to abiotic solids, giving an effective partition
coefficient of MHg to biotic solids about 5 to 8 times higher than the partition coefficient to abiotic
solids.  







Da,i �
1.9


MW2/3
i
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B.1.2.1.7  Chemical Diffusivity in Air


Volatilization of gas phase Hg  and MHg is calculated using a diffusion coefficient of 47000


cm /day, based upon a general formula for air diffusivity as a function of molecular weight (Schnoor, et2


al., 1987):


where D  is the atmospheric diffusivity of component “i”, cm /sec, and MW  is the molecular weight ofa,i i
2


component “i”, in g/mole.


B.1.2.1.8  Chemical Transformation Rate Constants


Fifteen transformation rate constants must be specified or calculated for the soil, water column,
and benthic sediment equations -- oxidation of Hg  (ks , kw  kb ); reduction of HgII (ks ,  kw , kb );0


o o, o r r r


methylation of HgII (ks , kw , kb ); demethylation of MHg to HgII (ks , kw , kb ); and mer cleavagem m m dm dm dm


demethylation of MHg to Hg  (ks , kw , kb ).  Values (in day ) are summarized in Table B-2 and0 -1
md md md


discussed below.  Calculated volatilization rate constants are included in the table for comparison.


Table B-2
Chemical Transformation Rate Constants


Rate Constants, day Watershed Soil Water Column Benthic Sediments-1


volatilization of Hg 0.082 0.10 00 * *


oxidation 0 0 0


reduction 0.000025 0.0075 0.000001*


methylation 0.00005 0.001 0.0001


demethylation to HgII 0.0025 0.015 0.002


mer demethylation to Hg 0 0 00


 Calculated internally for specified conditions.*


Reduction in Water Column  -- The reduction rate constant in the water column, kw , was set to 0.0075r


day .-1


Technical Basis:


Recent literature has addressed reduction of divalent mercury in the water column due to the
presence of sunlight, heterotrophic bacteria, and some species of phytoplankton. Reduction of aqueous
Hg(II) solutions in the presence of simulated sunlight was observed, with rate constants of 3.5 day  and-1


0.05 day  for 20% and 80% of the mercury when normalized to sunlight in Stockholm, Sweden (Xiao, et-1


al., 1995).  Mason et al. (1994) calculated reduction rate constants between 0.005 and 0.1 day  from-1


mass balances in the equatorial Pacific and in Wisconsin seepage lakes.  Mason et al. (1995) give







Fr � krs � C2T � �B � �w � zr


B-19


reduction rate constants in the epilimnion of Mystic Lake between 0.02 and 0.04 day ; this reaction is-1


attributed primarily to heterotrophic bacteria.  Rate constants declined to 0.01 day  at 9 meters depth,-1


and less than 0.005 day  at 17 meters depth.  Amyot et al. (1997a) report reduction rate constants of 0.14-1


day  in high Arctic lakes during a 24-hour sunlight period.  Under low DOC conditions, these rate-1


constants reached 0.2 to 0.4 day , whereas under high DOC conditions, rate constants varied between-1


0.02 to 0.14 day .   Amyot et al. (1997b) report rapid DGM production in the epilimnion of temperate-1


lakes, driven mainly by sunlight.  The most likely limiting factor was thought to be the reactive HgII pool
itself; the nature of the photoreducible complexes is unknown.  Lower DGM production is observed in
high DOC lakes due to reduced light penetration and increased complexation of HgII. In Pallette Lake,
Vandal et al. (1995) report reduction rate constants in July-August 1993 averaging 0.10 day  in the upper-1


3 meters and 0.05 day  at 9 meters.  In May 1994, observed reduction rate constants increased to 0.22-1


day  in the upper 6 meters.  High levels of DGM supersaturation, which indicates significant reduction,-1


exist from mid-May to mid-September.


Maximum surficial reduction rate constants must be adjusted to reflect the attenuation of light
with depth in water bodies with significant light attenuation.  In addition, cool temperatures and reduced
sunlight should lead to significantly lower reduction rates during winter months.  A yearly-average water
column rate constant of 0.075 day  was selected for this study.  -1


Reduction in Sediments -- The reduction rate constant in sediments, kb , was set to 10  day .r
-6 -1


Less literature is available for reduction in sediments.  Amyot et al. (1994) report an increase in
DGM concentrations near the bottom of Ranger Lake and speculate that this is caused by aerobic and
facultative bacteria reducing HgII in the sediments.  Vandal et al. (1995) report porewater Hg0


concentrations of 65 pg/L, or 10% of the total mercury, indicating the presence of reduction in sediments. 
A whole-sediment reduction rate constant of 10  day  along with the pore water diffusion and solids-6 -1


resuspension rates used in this model produces pore water Hg  concentrations of about 50 pg/L given a0


partition coefficient of 1000 L/kg for Hg .0


A benthic rate constant of 10  day  was selected based on model calibration to general-6 -1


observations of Hg  concentration in pore water.0


Reduction in Soil -- The reduction rate constant in the upper 5 mm soil layer of the watershed,
normalized to water content, is set to 0.0005 L/L -day.   The reduction rate constant in the upper 5 mmw


soil layer of the field site, normalized to water content, is set to 0.0013  L/L -day.  For water content ofw


0.1, and depths of 1 and 20 cm, the watershed and field site rate constants are 2.5×10  and 3.25×10  day-5 -6 -


, respectively.1


Technical Basis:


Assuming that the net flux of Hg  is driven by the reduction of HgII, reduction rate constants can0


be derived from evasion flux measurements over soil:


where F  is the net evasion flux in �g/m -year, k  is the reference reduction rate constant normalized tor rs
2


soil water content, C  is the volumetric concentration of HgII in soil in mg/L, L/L -yr, �  is the soil bulk2T w B


density in kg/L, �  is the soil water content in L /L, and z  is the soil layer thickness over which reductionw w r


occurs, in mm.  This equation normalizes the reduction rate constant to the soil water in the surficial 5
mm layer, following observations presented in Carpi and Lindberg (1997).  To derive the reduction rate
constant ks  used in the model, k  must be multiplied by the soil water content and averaged over ther rs


entire soil depth (ie, by multiplying k  by 0.5 cm and dividing by either 2 or 20 cm for the nontilled andrs


tilled soils, respectively).  







kwm � kwm,net � kwd×
CMeHg


CHgII
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From data presented in Lindberg (1996) and Carpi and Lindberg (1997), values for k  can bers


calculated for fields exposed to sunlight and for forests with canopy.  These rate constants represent
diurnal and seasonal averages.  First, the observed fluxes must be modified to represent annual averages. 
Following the diurnal pattern observed for sludge-amended soils, the summer mid-day fluxes in
background field sites were multiplied by 0.25 to obtain a diurnal average.  For the shaded forest site, the
summer daylight flux is multiplied by 0.6 to obtain a diurnal average. Assuming that winter rates are
about half of summer rates, the summer diurnal average fluxes were multiplied by 0.75 to obtain annual
average fluxes.  Applying these factors, both field sites yield a value of 0.0013 L/L -day for k , while thew r


forest site yielded a value of 0.0001 L/L -day.  Presumably the difference in rate constants is due to thew


significant shading under the forest canopy.  Any given watershed should experience average rate
constants somewhere between these estimates, depending on the landscape pattern.  A value of 0.0005
L/L -day is recommended. The field k , 0.0013 L/L -day  should be used for calculating concentrationsw rs w ,


in tilled soil.  For water content of 0.1 L /L and depths of 2 cm and 20 cm for the watershed and field,w


the soil reduction rate constants are calculated to be 1.25×10  day  and 3.3×10  day , respectively.-5 -1 -6 -1


Methylation in Water Column -- The water column methylation rate constant, kw , was set to m


0.001 day .-1


Technical Basis:


Using radiolabelled mercury,  maximum potential methylation rates have been measured in a
number of water bodies.  Gilmour and Henry (1991) report maximum potential methylation rate
constants between 0.0001 and 0.003 day in the water column of fresh water bodies.  Henry et al. (1995)-1 


report net methylation rates in Onondaga Lake, New York between April and November, 1992; a net
production of 0.003 ng/L-day at 3 m depth, and 0.03 ng/L-day at 9 m was calculated.  Given divalent Hg
concentrations averaging about 5 ng/L at these depths (Jacobs, et al., 1995), these production rates would
correspond to net methylation rate constants of about 0.0006 day  and 0.006 day , respectively.  For the-1 -1


surficial water layers where photodegradation of methyl mercury is significant, the net methylation rate
constant should be adjusted to yield the gross methylation rate constant:


Assuming a demethylation rate constant at 3 m depth of about 0.013 day  (see discussion below) and a-1


ratio of MHg to HgII of about 10%, the gross methylation rate constant at 3 m should have been about
0.002 day . At the seasonally-anoxic 15 m depth, the reported net methylation rate of 0.11 ng/L-day-1


yields rate constants between 0.01 and 0.03 day .  Matilainen (1995) reports low but detectable non--1


microbial methylation rate constants of 0.0005 to 0.001 day  in the oxic portions of four forest lakes in-1


Finland.  Higher rate constants of 0.004 to 0.01day   were observed in deeper, anaerobic layers of the-1


hypolimnion.  For Pallette Lake, Wisconsin, Watras et al. (1995) report high methylation rates within a
layer of bacterioplankton near the top of the anoxic hypolimnion. This 0.5 to 1 meter layer exhibited rate
constants of about 0.01 to 0.04 day .  The methylation rates are linked to sulfate reduction “within-1


anoxic microbial layers, whether in hypolimnetic waters or in sediments underlying oxic water.”


For this case study representing  a shallow lake with little or no anoxia, the average water column
methylation rate constant was set to 0.001 day , reflecting observed non-microbial rate constants in oxic-1


waters.  For case studies representing deeper lakes with seasonal anoxia, the methylation rate constant in
the hypolimnion should be increased to account for a higher microbial rate constant of 0.01 day  within-1


the oxic/anoxic boundary layer.


Methylation in Sediments -- The methylation rate constant in the upper sediment layer, kb , was set tom


0.0001 day .-1
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Technical Basis:


In freshwater sediments, Gilmour and Henry (1991) report maximum potential methylation rate
constants between 10  and 10  day .  In studies of Quabbin Reservoir, MA, Gilmour et al. (1992) found-5 -1 -1


that the highest rates of methylation occur at the sediment surface, and conclude that sulfate-reducing
bacteria are important mediators of this reaction.  Stordal and Gill (1995) report methylation rate
constants above intact sediment cores of 0.0008 to 0.025 day , reflecting both net methylation and-1


sediment exchange.  Gilmour and Riedel (1995) report methylation rates of 0.29 and 0.09 �g/m -day in2


the upper 4 cm of Little Rock Lake sediments.  Although rate constants were not reported, the sediment
concentrations can be combined with an assumed dry density of 1.2 g/cm  to yield rate constants of 8×103 -


 and 2×10  5 -5


day .-1


As a bacterial reaction, sediment methylation should proceed more slowly in the winter months,
giving a yearly-average rate about half of the summer rate due to temperature alone.  Gilmour and Henry
(1991) and Henry et al. (1995) report up to 40 times higher methyl mercury production rates from
sediments under anoxic/sulfidic waters than under oxic waters.  More oxygenated waters during the
winter are expected to result in result in significantly lowered methylation rates than those observed
during the summer months.  Here, the yearly-average methylation rate constant in the upper sediment
layer was set to 0.0001 day  on a whole-sediment basis.-1


Methylation in Soil -- The soil methylation rate constant, ks , was set to 5×10  day .m
-5 -1


Technical Basis:


Beckert et al. (1974) provide qualitative evidence showing methylation of mercuric salts in
agricultural soils in Nevada due, presumably, to methanogenic bacteria.  Abiotic methylation may also
occur in soils, either by transmethylation from other organometals at contaminated sites or by humic
substances in uncontaminated soils (Gilmour and Henry, 1991).  Porvari and Verta (1995) report a
laboratory study of potential methylation and demethylation in flooded soils using radiolabelled mercury. 
While rates varied during the 120-day experiment, maximum potential methylation rate constants in
humus and peat averaged about 10  day  under anaerobic conditions and 2×10  day  under aerobic-3 -1 -4 -1


conditions.


For this study, a soil methylation rate constant of 5×10  day  was chosen.  This value is 25% of-5 -1


the potential aerobic rate constants measured by Porvari and Verta (1995) and lies at the lower end of the
range for sediments reported by Gilmour and Henry (1991).


Demethylation in Water Column -- The water column demethylation rate constant, kw , was set todm


0.015 day .-1


Technical Basis:


Gilmour and Henry (1991) report maximum potential demethylation rate constants in the water
column between 0.001 and 0.025 day .   From in-situ incubations in the Ontario Experimental Lakes-1


area, Sellers et al. (1996) derive rate constants for abiotic photodegradation of methyl mercury that are
first-order with respect to light levels and with concentration.  From data presented in this report, the rate
equation is k  = 0.0017×PAR (photosynthetically-active radiation, in E/m -day).  Zepp (1980) gives adm


2


mean annual daytime PAR of 95 E/m -day for clear skies at 40�N latitude.  Kirk, 1994 reports a cloud2


reduction factor for Europe in the summer of 0.5 to 0.8. Assuming an average cloud reduction factor of
0.65, a surface reflectance of 5%, and a light attenuation factor of 0.75 m  through a 5-meter deep lake,-1


an average demethylation rate constant is calculated to be 0.013 day .  This rate, of course, would be-1


highest in the epilimnion and during the summer months.  For this study, the water column demethylation
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rate constant was set to 0.015 day , producing a MHg fraction close to the observed epilimnetic average-1


of 6%.


Demethylation in Sediments -- The demethylation rate constant in upper sediments, kb , was set todm


0.002 day .-1


Technical Basis:


In freshwater sediments, maximum potential demethylation rate constants are generally higher
than corresponding methylation rate constants, with observations between 2×10  and 10  day  (Gilmour-4 -1 -1


and Henry 1991).  Gilmour et al. (1992) report that demethylation is maximal at the sediment-water
interface.  While direct measurements of demethylation rates in sediments are lacking in the literature,
rate constants in sediments can be calculated from methylation rate constants and the percent methyl
mercury (%MHg).  This percentage is generally lower than the water column.  Verta and Matilainen
(1995) report %MHg between 0.03% and 6% in the sediments of four lakes in Finland.  Consistent with
reported observations, the demethylation rate constant in upper sediments was set to 0.002 day ,-1


producing a sediment MHg fraction of 3%.


Demethylation in Soil -- The soil demethylation rate constant, ks , was set to 0.0025 day .dm
-1


Technical Basis:


 Porvari and Verta (1995) report potential demethylation in flooded soils using radiolabelled
mercury.  Maximum potential demethylation rate constants in humus averaged about 0.06 day  under-1


anaerobic conditions and 0.03 day  under aerobic conditions.-1


For this study, a soil demethylation rate constant of 0.0025 day  was chosen.  This value is 10%-1


of the potential aerobic rate constants measured by Porvari and Verta (1995), and is a factor of 50 higher
than the methylation rate constant chosen for this study.


B.1.2.2  Biotransfer Factors


Biotransfer factors reflect the extent of chemical partitioning between a biological medium
(plants, meats or fish) and an external medium (air, soil or water).  The following sections describe the
BCFs used in this study.


It is necessary to note the uncertainty inherent in determining BCFs for mercury species with
regard to plant uptake.  In general, there seems to be no consensus in the literature on plant
bioconcentration factors for mercury, as values for each crop vary widely among studies.  Further, in
many studies the mercury speciation is not determined.  In deriving BCFs for plant absorption of mercury
species from the air and soil, it was, therefore sometimes necessary to make assumptions about certain
behaviors of mercury based on whatever information was at hand, as opposed to established scientific
knowledge, which was lacking.  These assumptions are described in each Technical Basis section that
follows, but it is useful at this time to identify some of the general uncertainties regarding plant uptake of
mercury.


(1) Plants both absorb and release mercury to the environment.  Hanson et al. (1994)
demonstrates clearly that at ambient air concentrations forest foliage usually acts as a
source of elemental mercury to the atmosphere; deposition (plant absorption) only occurs
above a "compensation concentration" at air mercury levels well above background.  It is
not yet known from where the mercury released by the plants originates (air uptake
during periods of high mercury air concentrations, root uptake, Hg(II) absorption, etc.). 
Similarly, Mosbaek (1988) found that for a given period of time more elemental mercury
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was released from a plant-soil system than was absorbed by the plant.  These cases,
however, in no way indicate that mercury is not bioconcentrated in plants; the above
behaviors are consistent with mercury being collected by plants only to certain levels,
after which any mercury absorbed is simply released.


(2) It is usually not known from where the mercury that is found in plants originated (air vs.
soil).  Only one study determined the fractions of total mercury in plants which came
from air and soil (Mosbaek, 1988); in this study, soil was isotopically labeled with Hg. 203


After some time the specific activity in the plant was compared to that in the soil to
ascertain how much of the mercury in the plant came from the soil.  Although the
experiment worked well, isotopic equilibrium in the soil was never achieved, and the
number of plants studied was limited.


(3) The speciation of mercury in plants is often not known.  If it is known, it is still very
unclear as to how the speciation occurred.  The plant speciation may be simply a result
of direct uptake of different mercury species from the environment (but from air or
soil?).  It has been shown, however, that a few plants have the ability to change the
species of mercury initially taken up from the environment (Fortmann et al., 1978).  Such
behavior may have to be accounted for regarding plant uptake of mercury.
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B.1.2.2.1  Plant-Soil BCF


Parameter: BRi


Definition: The ratio of the contaminant concentration in plants (based on dry weight) to that in the
soil.


Units: Unitless


Crop
Hg Methylmercury2+


Default Distribution Default Distribution
Value Value


Leafy vegetables 0 None 0 None


Legume vegetables 0.015 0.157) 0.090) 
U(0.00026, 0.031 U(0.0,


Fruiting vegetables 0.018 U(0.007,0.059) 0.024 U(0.0,0.11)


Rooting vegetables 0.036 U(0.011, 0.073) 0.099 U(0.013,0.29)


Grains and cereals 0.0093 U(0.0024,0.057) 0.019  U(0.0048,0.11)  a a


Forage 0 None 0 None


Fruits 0.018 U(0.007-0.059) 0.024 U(0.0,0.11) 


Potatoes 0.1 U(0.05,0.2) 0.2  U(0.1,0.4)  a a


Silage 0 None 0 None


 Hg  values multiplied by 2a 2+


Technical Basis:


Mosbaek (1988) convincingly showed that for leafy, above-ground parts of plants virtually all of
the mercury uptake was from air; therefore, for leafy vegetables, forage and silage no root uptake was
modeled.


Values in Cappon (1987) and Cappon (1981) were the only data located which measured
methylmercury concentrations in plants, and methylmercury plant-soil BCF's were determined for
rooting vegetables, fruiting vegetables, and legumes.  Values were determined for crops grown on
compost (Cappon 1987) and sludge-treated soils (Cappon 1981), and those values considering edible
portions of plants are shown in Table B-3.
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Table B-3
Soil-to-Plant Transfer Coefficients for Mercury


 (from Cappon, 1987 and Cappon, 1981)


Crop 1987 Values 1981 Values


Hg Methylmercury Hg Methylmercury2+ 2+


Rooting Vegetables


          Beet .055 .227 .017 .11


          Carrot .026 .118 .014 .048


          Onion, Yellow .073 .288 .053 .042


          Onion, Spanish - - .047 .030


          Red Radish .056 .092 .018 .066


          White Radish - - .011 .060


          Turnip .026 .013 - -


Fruiting Vegetables


          Cucumber, slicing - - .015 0


          Cucumber, pickle .007 0 .015 .006


          Pepper .019 .022 .016 .042


          Zucchini .021 0 .014 .018


          Summer Squash - - .007 0


          Acorn Squash - - .016 .012


          Spaghetti Squash - - .016 .024


          Pumpkin - - .008 .006


          Tomato .059 .105 .020 .072


Legumes


          Green Bush Beans .011 0 .014 .020


          Yellow Bush Beans - - .017 .015


          Lima Beans - - .017 .090


It has been shown, however, that mercury taken up into plants from the environment can be
transformed into other mercury species, especially to organomercuric forms such as methylmercury
(Fortmann et al., 1978).  The methylmercury in plants, therefore, may not have been directly absorbed
from the environment.  For the purposes of this study, considering root uptake, methylmercury
concentrations in plants were treated as though they originated from the soil.  It is also important to note
that air-to-plant transfer may have occurred, but the Cappon (1981, 1987) studies were not designed to
measure air-uptake.


Table B-4 shows additional soil-to-plant transfer coefficients for Hg  species (it was assumed2+


that all the mercury in the soil is Hg , which at worst would result in an error of a few percent in the2+


Hg  soil-to-plant transfer coefficients) determined from a number of studies.  Temple and Linzon (1977)2+


sampled garden produce in the vicinity of a chlor-alkali plant.  Lenka et al. (1992) also measured
mercury concentrations in soil and plants near a chlor-alkali plant.  Somu et al. (1985) determined
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mercury uptake in wheat and beans grown on HgCl  contaminated soil.  John (1972) determined mercury2


concentrations in plants grown on soil artificially contaminated with HgCl .  Wiersma et al. (1986)2


measured soil and plant total mercury concentrations from major growing areas in the Netherlands. 
Belcher and Travis (1989) compiled data from EPA (1985).  Mosbaek (1988) studied plant
concentrations from soil and air uptake under background conditions.  For studies reporting wet weight
plant concentrations, wet weight to dry weight conversion factors in Baes et al. (1984) were used to
convert to dry weight based concentrations.


Table B-4
Other Values for Soil-to-Plant Transfer Coefficients for Hg2+


Crop Values References


Legume vegetables 0.157-1.79,  0.00026-0.0003, al. (1985), John (1972),
0.0005,  0.003-0.03 Belcher and Travis (1989).


Lenka et al. (1992), Somu et


Fruiting vegetables 0.028 Lenka et al. (1992), Belcher
0.013-0.33,  0.127-1.36,  0.0078- Temple and Linzon (1977),


and Travis (1989).


Rooting vegetables 0.09-0.33, 0.090-0.149, 0.0065- Lenka et al. (1992), John
0.013,  0.05-0.2, 1.6-1.9 (1972), Belcher and Travis


Temple and Linzon (1977),


(1989), Mosbaek (1988)


Grains and cereals 0.0024-0.0093,  0.0033,  0.00038- Somu et al. (1985), John
0.057 (1972), Belcher and Travis


(1989).


Fruits 0.0078-0.028 Belcher and Travis (1989).


Potatoes 0.05-0.2 Belcher and Travis (1989).


When possible, default values were chosen based on experiments under reasonable or
background conditions, as opposed to experiments where the soil was "spiked" with large amounts of
mercury or measurements were taken from severely polluted areas.  This is actually a conservative
approach;  although plants from mercury  polluted areas will have greater contaminate levels, the
efficiency of accumulation (quantified in the transfer coefficients) tends to decrease with increasing
contaminate concentrations.  Values from Cappon (1987) and Cappon (1981) were used when possible,
since these experiments were conducted under reasonable garden conditions, edible portions of plants
were analyzed separately, and different mercury species were measured.  Cappon (1981) analyzed plants
grown in control soil (total mercury soil content of 120 ng/g with 4.2% methylmercury) in addition to the
sludged soil  (330 ng/g with 5.1% methylmercury, which is comparable to the 1987 soil levels of 430
ng/g with 5.3% methylmercury).  The control soil data were not used since the methylmercury levels
were often undetectable.  Note that the compost and sludge-amended soils, although elevated in mercury,
are nonetheless at reasonable concentrations.  For fruiting vegetables, rooting vegetables and legumes
values from Cappon (1987) and values derived from the edible potions of plants grown on sludged soil
from Cappon (1981) were pooled and averaged; the results were used as the defaults for these plant
types.
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Default Hg  values for grains and cereals are from Somu (1985); the methylmercury values2+


were assumed to be twice as great in accordance with the overall average trend noted in plants from the
pooled Cappon data.  The default values for fruits were assumed to be the same as for fruiting
vegetables.  The default Hg  value for potatoes was taken from Belcher and Travis (1989); the2+


methylmercury value for potatoes was assumed to be twice the Hg  value.2+


B.1.2.2.2  Air-Plant BCF


Parameter: BI


Definition: The ratio of the contaminant concentration in plants (based on dry weight) to that in the
air. 


Units: Unitless


Crop
Hg Methylmercury2+a a


Default Distribution Default Distribution
Value Value


    Leafy vegetables 18000 U[12000,24000] 5000 U[3300,6800]


    Legume vegetables 1050 U[700,1400] 100 U[65,130]


    Fruiting vegetables 22000 U[14000,29000] 1200 U[780,1600]


    Rooting vegetables 0 NA 0 NA


    Grains and cereals 1050 U[700,1400] 100 U[65,130]


    Forage 18000 U[12000,24000] 5000 U[3300,6800]


    Fruits 22000 U[14000,29000] 1200 U[780,1600]


    Potatoes 0 NA 0 NA


    Silage 18000 U[12000,24000] 5000 U[3300,6800]


 Based on elemental mercury air concentration, and speciation of divalent and methylmercury speciesa


based on Cappon (1981,1987).


Technical Basis:


Mosbaek (1988) determined that mercury concentration in the above-ground, leafy parts of
plants is almost entirely the result of air-to-plant transfer of mercury. Cappon (1987,1981), however,
found only divalent and methylmercury in these types of plants.  Fitzgerald (1986) noted that up to 99%
of the total airborne mercury is Hg  vapor (Fitzgerald, 1986).  It was assumed that any atmospheric0


elemental mercury taken up by the plant is converted into Hg  and methylmercury in the plant tissue. 2+


This is not unreasonable: it has been shown that mercury taken up into plants from the environment can
be transformed into other mercury species (Fortmann et al., 1978).


A strong correlation between mercury soil concentration and concentration in rooting vegetables
has been established (John, 1972; Lenka et al., 1992; Lindberg et al., 1979), and the Mosbaek study
(1988) demonstrated that much of the mercury in rooting vegetables was from the soil.  As a result, air-
to-plant uptake of mercury was not modeled for rooting vegetables and potatoes.
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For grains, fruits, legumes and fruiting vegetables, little correlation between mercury plant
concentrations and either air or soil concentrations has been found; however, non-negligible
concentrations of mercury species in these plants are routinely observed.  For this reason, both air-to-
plant and soil-to-plant uptake was modeled for these plants.  Using a conservative approach, the transfer
factors for each accumulation pathway were calculated as if all of the mercury  in the plant came only
from that pathway.  This has the effect of possibly double-counting the amount of mercury in the plant
tissue.  There is a great deal of uncertainty due to the lack of applicable data.


The range of  air-plant bioconcentration factors based on Mosbaek et al. (1988) was found to be
15,000 - 31,000, based on total mercury concentration in the plant tissue.  Mosbeak et al. (1988)
determined average mercury concentrations due to air uptake in lettuce, radish tops, and grass. 
Concentrations were converted to dry weight according to Baes et al. (1984), and the overall range of 
air-plant bioconcentration factors based on total mercury in the plant tissue was found to be 15,000 -
31,000.   Air to plant bioconcentration factors can be derived from other studies only indirectly (by
making a reasonable estimate of the air concentration and assuming all the mercury in plant tissue comes
from air), and the values arrived at for various plant species generally fall into the previous range.  Due
to the limited data, it was decided to use the midpoint of the Mosbeak et al. (1988) bioconcentration
values (23,000) as the starting default for all plant species assumed to accumulate mercury from the air.  


This approach was adjusted for the consideration of portions of grains and legumes that are not
directly exposed to the atmosphere.  Although atmospherically absorbed mercury can translocate
throughout different portions of the plant, data indicate internal portions of grains and legumes (the
edible portions) do not appear to accumulate mercury to the same degree as plant leaves or vines.  Somu
et al. (1985), John (1972), and Cappon (1981) determined mercury concentrations from different portions
of the same plants.  Table B-5 below shows the relative concentrations of total mercury found in plant
parts from the portions of these studies representative of noncontaminated conditions.


Table B-5
Relative Concentration of Mercury in Different Parts of Edible Plants


Legumes Beans Peas Beans
(Somu et al. 1985) (John 1972) (Cappon 1981)


vines 1.0


stalks 1.0


pods 0.045 1.0


seeds 0.060 0.0091 0.028 - 0.089


Grains Wheat Oats
(Somu et al. 1985) (John 1972)


leaves 1.0


stalks 1.0 0.063


husks 0.61


grain 0.14 0.051


A clear trend of decreasing mercury concentrations is seen proceeding from leafy to seed
portions of the plants.  Based on these data, it was decided to decrease the default air-to-plant
bioconcentration factor of 23,000 by a factor of 20 (to 1200) to account for the decreasing accumulation
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of airborne mercury for the edible portions of these plants as compared to the leafy portions (for which
the bioconcentration factor of 23,000 is applicable).  Airborne mercury uptake by fruits may also be
overestimated with the default bioconcentration factor.  However, no data are available to explore this
possibility. 


The product of the bioconcentration factors and the atmospheric mercury concentration is the
total mercury in the plant tissue resulting from accumulation of airborne elemental mercury.  Plant-
specific speciation estimates from Cappon (1981,1987) were used to partition the total mercury
bioconcentration factor (and corresponding range) in order to model the relative fractions of
methylmercury and Hg  found in the plant; these are shown in Table B-6; note that the rest of the2+


mercury was found to be divalent mercury.


Thus, for leafy,  fruiting and legume vegetables, the default values for the bioconcentration of
methylmercury  based on the elemental mercury concentration in air were assumed to be 23,000 or 1200
multiplied by the average methylmercury percentages in Table B-5; the Hg  values were derived2+


similarly (Hg  fraction x 23,000).  The values for fruits were assumed to be the same as for fruiting2+


vegetables.  The values for forage and silage were assumed the same as for leafy vegetables, and the
values for grains were assumed to be the same as for legumes (beans).
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Table B-6
Mercury Speciation in Various Plants


Plant Type % Methylmercury Cappon (1981) % Methylmercury Cappon (1987)


Leafy  vegetables


Head lettuce 8.8 21.4


Leaf lettuce 16.5 18


Spinach 19.8 23.1


Swiss chard, Fordhook 30.2 14.8


Swiss chard, Ruby Red 28.6 -


Broccoli 33.1 17.8a


Late Cabbage 28.8 -


Red Cabbage 22.4 -


Savoy King Cabbage 25.2 -


Jersey Wakefield Cabbage - 18a


Cauliflower 21.2 -


Collards 22.8 -


Average 21.8


Legume  vegetables


Green Bush Beans 0 7.2


Yellow Bush Beans - 4.3


Lima Beans - 22.4


Average 8.5


Fruiting vegetables


Cucumber, slicing 0 -


Cucumber, pickle 2.1 0


Pepper 12.5 6.1


Zucchini 6.7 0


Summer Squash 0 -


Acorn Squash 4.1 -


Spaghetti Squash 7.4 -


Pumpkin 4.0 -


Tomato 16.0 9.1


Average 5.2
      These were classified as "cole" in Cappon (1987).a
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B.1.2.2.3  Animal BTF


Parameter: BAj


Definition: The equilibrium concentration of a pollutant in an animal divided by the average daily
intake of the pollutant.


Units: day/kg DW


Livestock Default Value (day/kg DW) Distribution


    beef 0.02 U(0.0008,0.04)


    beef liver 0.05 U(0.02,0.1)


    dairy 0.02 U(0.003,0.09)


    pork 0.00013 U(0.00005,0.00026)


    poultry 0.11 U(0.094,0.13)


    eggs 0.11 U(0.094,0.13)


    lamb 0.09 U(0.009,0.3)


Technical Basis:


Biotransfer factors measure pollutant transfer from the environment to animal tissues and
products.  They are defined as the ratio of pollutant concentration in animal tissue to the daily pollutant
intake of an animal.  The biotransfer factors for mercury to cattle tissues were estimated based on data
found in Vreman et al. (1986), and biotransfer factors for mercury to lamb were based on data found in
van der Veen and Vreman (1986).


The data collected from Vreman et al. (1986) and van der Veen and Vreman (1986) are not from
single pollutant and single route ingestion studies; rather, the animals in these studies were generally
dosed with elevated levels of several metals in a single wafer.  This is not the ideal set of studies for
assessing the transfer of mercury primarily from ingested grass and soil.  These studies, however are
multiple dose and long-term experiments which should provide data more representative of the desired
equilibrium situation than a single, very large dose experiment.


In two experiments, Vreman et al. (1986) measured transfer of mercury from diet to tissues and
milk of dairy cattle.  In the first experiment 12 lactating cows/group were placed on pasture in 2 groups
for 3 months.  The control group was fed uncontaminated wafers and, based on mercury levels in the
pasture grass, were estimated to ingest 0.2 mg mercury/day.  The exposed group received wafers treated
with a solution of mercury acetate, lead, cadmium and arsenic pentoxide; the daily mercury ingestion
rate for the exposed group was 1.7 mg/day.  During the experiment mercury levels in milk were
measured.  After three months on test, four cows/group were slaughtered, and mercury levels were
measured in liver, kidney and muscle samples.  In the second study, lactating cows were kept indoors
and divided into 4 groups of 8 for up to 28 months.  In addition to the control group, the diets of 3 other
groups were supplemented with the following:  wafers containing the same metals (1.7 mg mercury/day),
sludge delivering dietary levels of 3.1 mg mercury/day, and sludge delivering dietary levels of 1.2 mg
mercury/day.  Two cows from each group were slaughtered at study termination (except for the group
receiving 3.1 mg mercury/day from sludge in which only one cow was sacrificed).  Mean milk mercury







B-32


concentrations in the groups were reported, and mercury levels in the slaughtered cows were measured in
liver, kidney and muscle samples. 


Shown in Table B-7 are data from Vreman et al. (1986) that are relevant to deriving beef and
dairy biotransfer factors.  The tissue mercury concentrations presented are in wet weight.


Table B-7
Mercury Concentrations in Specific Beef Tissue


Media Per Test Group and Dose (from Vreman et al, 1986)


Test Group Dose Mercury in Milk Muscle Mercury in Liver
(mg mercury/day) (ug/Kg WW ) (ug/Kg WW ) (ug/Kg WW )A


Mercury in


A A


Pasture Control 0.2 2.3 3 7


Pasture Treated 1.7 0.9 4 10


Indoor Control 0.2 <0.5 2 3


Indoor Wafer 1.7 0.6 2 26


Indoor 3.1 2.4 1 14
High-Level Sludge


Indoor 1.2 1.3 2 9
Low-Level Sludge


 Wet weightA


The data in Table B-7 can be easily converted into milk, beef and liver biotransfer factors by
converting the tissue concentrations to dry weight and dividing the tissue concentrations by the daily
intake of mercury (after converting the intake from mg/day to ug/day).  The moisture content of the
above tissues are reported in Baes et al. (1984): 0.87 for whole milk, 0.615 for beef and 0.70 for liver. 
The biotransfer factors derived are shown in Table B-8.


Table B-8
Animal Biotransfer Factors Derived from Vreman et al. (1986)


Biotransfer Factor (day/kg DW)


Test Group Dairy Beef Beef Liver


Pasture Control 0.09 0.04 0.1


Pasture Treated 0.004 0.006 0.02


Indoor Control 0.02 0.03 0.05


Indoor Wafer 0.003 0.003 0.05


Indoor High-Level 0.006 0.0008 0.02
Sludge


Indoor Low-Level 0.008 0.004 0.03
Sludge
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Using the number of animals sampled for each value in Table B-8, weighted averages for the
Dairy, Beef and Beef Liver Biotransfer factors can be derived.  These are chosen as the default values,
with the ranges taken from Table B-8.


In a experiment very similar to Vreman et al. (1986), van der Veen and Vreman (1986) measured
transfer of mercury from diet to tissues of 10 week old fattening lambs.  Two groups of 8 lambs were
placed on pasture for 3 months.  The control group was fed uncontaminated feed concentrate and based
on mercury levels in the pasture grass and uncontaminated feed were estimated to ingest <0.02 mg
mercury/Kg dry feed-day.  The exposed group received feed concentrate treated with a solution of
mercury acetate, lead, cadmium and arsenic pentoxide; the daily mercury ingestion rate for the exposed
group was 0.08 mg/Kg dry feed.  Another four groups of 8 lambs were kept indoors and were fed hay
and feed concentrate.  A control group was fed uncontaminated feed concentrate, and were estimated to
ingest <0.02 mg mercury/Kg dry feed-day.  The 3 other groups were fed feed concentrate contaminated
with, respectively,  a soluble solution of the metals, harbor sludge and sewage sludge.  Daily mercury
ingestion rates for these groups ranged from 0.14 - 0.27 mg/Kg dry feed.  After three months all lambs
were slaughtered and mercury levels were measured in liver, kidney, brain and muscle samples. 


Shown in Table B-9 are data from van der Veen and Vreman et al. (1986) and the biotransfer
factors derived from these data.


Table B-9
Mercury Concentrations and Resulting BTFs in Lamb Muscle Tissue


Per Test Group and Dose (from van der Veen and Vreman 1986)


Test Group mercury/Kg dry Feed Amount Muscle Muscle BTF
Dose (mg mercury in


feed-day)  (Kg DW/day) (ug/Kg WW) Dry % (day/Kg DW)


A


Pasture Control <0.02 1.36 1 32.3 0.2


Pasture Treated 0.08 1.36 3 32.8 0.08


Indoor Control <0.02 1.3 2 30.5 0.3


Indoor Wafer 0.14 1.28 1 29.5 0.02


Indoor 0.27 1.39 1 30.5 0.009
High-Level Sludge


Indoor 0.17 1.38 1 29.1 0.02
Low-Level Sludge


 Biotransfer Factor (BTF)A


To calculate the biotransfer factors listed from the data in Table B-9, the daily mercury intake
was calculated from the mercury concentration in dry feed and daily intake of dry feed.  van der Veen
and Vreman (1986) reported the dry weight fractions of the muscle samples, and the mercury
concentration in muscle was calculated on a dry weight basis.  The biotransfer factor for each group of
lambs was then determined.  The average over all groups was chosen as the default value, with the
ranges taken from Table B-9.


In U.S. EPA (1993b), uptake slopes were developed for a number of pollutants found in sludge
including mercury.  For pork and poultry, U.S. EPA (1993b) reviewed the literature on concentrations of
metals in meat from studies in which livestock were fed known concentrations of the metals in feed. 
These values were used to obtain the default values (after converting wet-weight values to dry-weight).
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B.1.2.2.4  Fish Bioaccumulation Factor


Parameter: Tier 3 Fish BAF (BAF )3


Tier 4 Fish BAF (BAF )4


Definition: The concentration of the methylmercury in fish divided by the concentration of total
dissolved methylmercury in water


Units: L/kg


Fish Type


Percentiles (L/kg)


Default 5th Median 95th
Value (L/kg) Percentile Percentile


Trophic Level 3 Fish 1.6E6


Trophic Level 4 Fish 6.8E6


Technical Basis:


For a discussion of these values, the reader is referred to Appendix D of this volume.


B.1.2.2.5  Plant Surface Loss Coefficient


Parameter: kp


Definition: A measure of the loss of contaminants deposited on plant surfaces over time as a result
of environmental processes.


Units: /yr


Chemical Default Value Distribution Range
(per year)


Hg 40.41 Log(40.41,17.39) 28.11 - 52.70


Hg 40.41 Log(40.41,17.39) 28.11-52.72+


Methylmercury 40.41 Log(40.41,17.39) 28.11-52.7


Technical Basis:


The values in the previous table were taken from Belcher and Travis (1989), although no
speciation was provided.  The values for all species were assumed to be the same.  The default value is
the mean of the lognormal distribution used in Belcher and Travis (1989).  The choice of a lognormal
distribution was based on the work of Miller and Hoffman (1983).


B.1.2.2.6  Fraction of Wet Deposition Adhering
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Parameter: Fw


Definition: Fraction of wet deposition that adheres to plant (i.e., is not washed off).


Units: unitless


Default Value Distribution Range


0.6 T(0.1,0.6,0.8) 0.1-0.8


Technical Basis:


The unitless parameter Fw represents the fraction of the pollutant in wet deposition that adheres
to the plant, is not washed off by precipitation and is used to estimate plant pollutant levels.  A value of 1
is the most conservative; this implies that all of the pollutant which deposits onto the plant via wet
deposition will adhere to the plant.  U.S. EPA (1990) originally used a value of 0.02, which significantly
diminishes the impact of this pathway.  A more recent study by Hoffman et al. (1992) suggests an answer
between these extremes for both dissolved pollutants and suspended particulates in simulated rain drops.


Hoffman et al. (1992) attempted to quantify the amount of radiolabeled beryllium (Be) and
Iodine (I) as well as particles of sizes 3, 9, and 25 µm that adhered to three plant types (fescue, clover,
and a typical weeded plot).  The radiolabeled pollutants were dissolved or suspended in water, which was
then showered upon the different types of vegetation to simulate precipitation.  Two precipitation
intensities were modeled in the experiment:  moderate (1-4 cm/hour) and high (4-12 cm/hour).  Due to
experimental complications, total deposition and pollutant retention upon the vegetation were estimated
by the authors; these estimates were termed the interception fraction in the Hoffman report.  For
example, in the experiment.  Beryllium in the form of BeCl  was dissolved in the water and then2


showered upon the vegetation.  For the moderate and high intensity precipitation events simulated, the
mean interception fractions were estimated to be 0.28 and 0.15, respectively.


The 1993 Addendum to the Indirection Exposure Methodology (U.S. EPA, 1993a) models
deposition and retention as the product of the interception fraction (Rp) and Fw.  In terms of the U.S.i


EPA model, the Hoffman report estimates the product RpxFw.  To obtain estimates for Fw, the valuesi


reported in Hoffman et al. (1992) were divided by the interception fraction for forage used in this
assessment (0.47; Baes et al., 1984).  This provides estimates of 0.60 and 0.32 for Fw for the moderate
and high precipitation intensities, respectively (see Table B-10).


Table B-10 shows the Hoffman et al. (1992) estimates for the interception and adhesion of
dissolved pollutants and suspended particles in simulated moderate and high intensity precipitation. 
Based on the Hoffman estimates and the assumption of an interception fraction for forage of 0.47, the Fw
for the two pollutants and three particle sizes were estimated for the precipitation intensities studied, and
the means were calculated.  No attempt has been made to adjust the final estimate for frequency of the
two precipitation intensities; however, since moderate precipitation intensities are more common, the
unadjusted means are probably an underestimate.
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Table B-10
Values From Hoffman et al. (1992)


and the Values of Fw Estimated Using Those Values


Compound Moderate High for Moderate for Hi gh Fw Mean
Rp  x Fw for Rp  x Fw for Fw Estimate Fw Estimatei


Intensity Intensity Intensity Intensity


i


I 0.08 0.05 0.17 0.11 0.14


Beryllium 0.28 0.15 0.60 0.32 0.46


3 µm 0.30 0.24 0.64 0.51 0.58


9 µm 0.33 0.26 0.70 0.55 0.63


25 µm 0.37 0.31 0.79 0.66 0.72


The Fw estimated for beryllium was used as a surrogate for mercury.  Be , as a cation, is2+


assumed to behave in a manner similar to Hg  during deposition.  Because the moderate intensity is2+


expected to be more common than the heavy intensity, an Fw of 0.60 is assumed to be a reasonable
estimate of Fw for divalent mercury.  This value is higher than the range of 0.1-0.3 presented in McKone
and Ryan (1989).  For beryllium, Hoffman noted the appearance of a strong attraction between the cation
and the plant surface, which was assumed to be negatively charged.  Beryllium is believed to adsorb to
cation exchange sites in the leaf cuticle.  Once dried on the plant surface, beryllium was not easily
removed by subsequent precipitation events.  Divalent mercury is assumed to exhibit a similar behavior. 
The range of 0.1-0.8 was used to estimate the sensitivity of this parameter.


The adjusted Hoffman data indicate that the greater the intensity of the precipitation, the smaller
the Fw estimate for both dissolved pollutants and suspended particles.  This is intuitively appealing given
the understanding of the physical process.  Hoffman et al. (1992) noted that the intensity and amount of
rainfall had approximately the same impact on the estimated values.  It should also be noted that the data
indicate that the value of Fw for pollutants that deposit as anions (e.g., I) may be significantly lower than
cations.


B.2 SCENARIO DEPENDENT PARAMETERS


This section of Appendix B describes the scenario dependent parameters used in the exposure
modeling for the Mercury Study Report to Congress.  Scenario dependent parameters are variables
whose values are dependent on a particular site and may differ among various site-specific situations. 
For this assessment, three settings are being evaluated:  (1) rural, (2) lacustrine, and (3) urban.  The
receptors differ for each of these scenarios, as do the parameters.  These scenario dependent parameters
may be either chemical independent or chemical dependent.  The following sections present the chemical
independent and chemical dependent parameters used in this assessment.


Chemical independent parameters are variables that remain constant despite the specific
contaminant being evaluated.  The chemical independent variables used in this assessment are described
in the following sections.


Site physical data include information such as the environmental setting, vegetative cover,
presence of surface water or groundwater, area of source and meteorological and climatological data. 
These parameters are described in the following sections.


B.2.1 Time of Concentration







B-37


Parameter: Tc


Definition: Number of years that the air concentration at the above level persists; equal to the
facility lifetime for calculations from anthropogenic sources


Units: yrs


Scenario Default Value(s) Distribution
(years)


All 30 None


Technical Basis:


The time of concentration is the same as the assumed facility lifetime.  The generic value is 30
years. 


B.2.2 Average Air Temperature


Parameter: Ta


Definition: Average air temperature of microscale area


Units: �C


Location  (Years value is Distribution
Default Value


 based upon) (�C)


Eastern Location 11.9 (25) U (8,16)


Western Location 13.4 (47) U (9,17)


Technical Basis:


The values for local airports are reported in the section "U.S. Local Climatological Data
Summaries for 288 Primary Stations throughout the U.S." on CDROM by WeatherDisc Associates
(1992).  The distributions are arbitrary to explore the sensitivity of this parameter.


B.2.3 Watershed Area


Parameter: As


Definition: Area of contamination which drains into a water body


Units: Km2
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Location Default Value (Km )2


Eastern Location 37.3


Western Location 37.3


Technical Basis:


 The values for the fish ingestion pathways are based on hypothetical watershed/waterbody
surface area ratio of 15 and a lake diameter of 1.78 km.  This parameter was used only to calculate the
erosion and runoff load to the water body.


B.2.4 Average Annual Precipitation


Parameter: P


Definition: Average annual precipitation


Units: cm/yr


Location Default Value Distribution
(cm/yr)


Eastern Location 102 T(82,102,122)


Western Location 21 T(1,21,41)


Technical Basis:


All values are for local airports as reported in the section "U.S. Local Climatological Data
Summaries for 288 Primary Stations throughout the U.S." on CDRom by WeatherDisc Associates
(1992).   These were considered the "best estimates" of a triangular distribution, with a range of 20 cm/yr
above and below the mode.


B.2.5 Average Annual Irrigation


Parameter: I


Definition: Average annual irrigation of plants


Units:  cm/yr


Location Default Value Distribution
(cm/yr)


Eastern Location 12.5 U(0,25)


Western Location 57.5 U(50,65)


Technical Basis:
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The ranges were approximated from Figure 4.25 in Baes et al. (1984).  The tentative default
values are the midpoint of this range.  It was assumed that both the farmer and home gardener will
irrigate the same amount if they are in the same area of the country (i.e., irrigation rate does not depend
on size of plot).


B.2.6 Average Annual Runoff


Parameter: Ro


Definition: Average annual runoff


Units: cm/yr


Location Default Value Distribution
(cm/yr)


Eastern Location 18 U(9,27)


Western Location 1 U(0,2)


Technical Basis:


The default values for the eastern location are from Geraghty et al. (1973).  The total runoff
values given in that report include groundwater recharge, direct runoff, and shallow interflow.  Following
U.S. EPA (1993c), this number was reduced by one-half to represent surface runoff.  Because of the
difficulty of hydrologic modeling in the western location, the PRZM-2 model (Carsel, 1984) was used to
estimate the runoff for this area.  The estimated value was 1 cm/yr.  The distributions are arbitrary to
determine the sensitivity of this parameter.


B.2.7 Average Annual Evapotranspiration


Parameter: Ev


Definition: Average annual loss of water due to evaporation


Units: cm/yr


Location Default Value Distribution
(cm/yr)


Eastern Location 65 U(60,70)


Western Location 13 U(8,18)


Technical Basis:


For the eastern location, the ranges are based on estimates from isopleths given in Figure 4.24 in
Baes et al. (1984).  The values presented there were estimated based on local data (average temperature
and precipitation) as well as the maximum possible sunshine for the area.  The default value is the
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midpoint of this range.  For the western location, the model PRZM-2 was used to estimate the values
given previously.


B.2.8 Wind Speed


Parameter: W


Definition: Wind speed


Units: m/s


Location Default Value (m/s) Distribution


Eastern Location 4.3 U(1,7)


Western Location 4.0 U(1,7)


Technical Basis:


All values were collected for local airports and reported in the section "U.S. Local
Climatological Data Summaries for 288 Primary Stations throughout the U.S." on CDROM by
WeatherDisc Associates (1992).  The primary use of this parameter is for estimating volatilization from
soil and water bodies.  The distributions are arbitrary to explore the sensitivity of this parameter.


B.2.9 Soil Density


Parameter: BD


Definition: Soil density


Units: g/cm3


Location Default Value (g/cm ) Distribution Range3


All Sites 1.4 Log(1.4,0.15) 0.93-1.84


Technical Basis:


The distribution is from Belcher and Travis (1989) and is based on a probability plot using data
from Hoffman and Baes (1979).  There is little variation in the parameter, despite the fact that more than
200 data points were used.  The default value is the mean of the distribution.


B.2.10 Mixing Depth in Watershed Area


Parameter: Zd


Definition: The depth that contaminants are incorporated into soil (no tillage)


Units: cm
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Location Default Value (cm) Distribution


All Sites 1.0 U(0.5,5)


Technical Basis:


The default value is based on U.S. EPA (1990).  The distribution is arbitrary to determine the
relative sensitivity of the parameter.  


B.2.11 Mixing Depth for Soil Tillage


Parameter: Ztill


Definition: The depth that contaminants are incorporated into tilled soil


Units: cm


Location Default Value (cm) Distribution


All Sites 20 U(10,30)


Technical Basis:


The default value is based on U.S. EPA (1990).  The distribution is arbitrary to determine the
sensitivity of this parameter.


B.2.12 Soil Volumetric Water Content


Parameter: �w


Definition: Amount of water that a given volume of soil can hold


Units: ml/cm3


Location Default Value Distribution
(ml/cm )3


Eastern Location  0.30 U(0.15,0.42)


Western Location 0.36 U(0.15,0.42)


Technical Basis:


Values for water content can range from 0.003 to 0.40 ml/cm  depending on the type of soil3


(Hoffman and Baes, 1979).  Table B-11 demonstrates the dependency of values on the hydrologic soil
type.  These values were derived from the PATRIOT software system (Imhoff et al., 1994), which can be
obtained from the Center for Exposure Assessment Modeling at the U.S. Environmental Protection
Agency, Athens, Georgia.
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Table B-11
Water Content Per Soil Type


Soil Type  Water Content


A 0.15


B 0.22


C 0.30


D 0.42


Representative soil types for both sites are shown in Table B-12 and were determined from
Carsel (1984).  The soil types were used in conjunction with the previous table to determine the default
value for the soil water content, with the value for the western location being the average of the values
for types C and D.


Table B-12
Representative Soil Types For Each Site


Location Soil Type


Eastern Location C


Western Location C/D


The distribution for all sites is a uniform distribution over the range over all soil types. 
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B.2.13 Soil Erosivity Factor


Parameter: R


Definition: Quantifies local rainfall's ability to cause erosion


Units: kg/km -yr2


Location Default Value Distribution
(kg/km -yr)2


Eastern Location 200 U(100,300)


Western Location 53 U(30,75)


Technical Basis:


The ranges were determined based on an isopleth map for the region in USDA (1978).  The
upper and lower bounds were determined from this map by finding extremes within a 300-mile radius.


B.2.14 Soil Erodability Factor


Parameter: K


Definition: Quantifies soil's susceptibility to erosion


Units: tons/acre per unit of R


Location Default Value Distribution
(tons/acre)


Eastern Location 0.30 U(0.12,0.48)


Western Location 0.28 U(0.08,0.48)


Technical Basis:


Based on similar soil near the eastern location (loamy sand, loam, and silt loam) and using Table
A2-2 in U.S. EPA (1989a), a range of 0.12 to 0.48 was obtained.  A similar analyses has not been
performed for the other sites, but the ranges listed in the previous table are apparently the maximum
range possible based on Table A2-2 in U.S. EPA (1989a); therefore, these ranges encompass all likely
values and can be used for sensitivity analyses.  The default values are the midpoint of these ranges.


B.2.15 Topographic Factor


Parameter: LS


Definition: Provides a measure of the length and steepness of the land slope


Units: unitless
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Location Default Value Distribution


Eastern Location  2.5 U(0.25,5)


Western Location 0.4 U(0.1,1.2)


Technical Basis:


The length and steepness of the land slope substantially affect the rate of soil erosion.  Table A2-
3 in U.S. EPA (1989a) contains LS values for various slopes and slope lengths and was used in
conjunction with United States Geological Survey (USGS) maps to obtain the ranges given in the
previous table.  A 1:24000 map was available for the humid/east/complex I site while only a 1:250000
USGS map was available for all other sites.  The default value was chosen as representative of the most
common slope and length in the area.


B.2.16 Cover Management Factor


Parameter: C


Definition: The ratio of soil loss from land cropped under local conditions to the corresponding loss
from clean tilled fallow


Units: unitless


Location Default Value


Eastern Location  0.006


Western Location 0.1


Technical Basis:


The lower end of the range for areas having forests (0.001) is the lower of two values suggested
for woodlands in U.S. EPA (1988).  For those areas lacking forests (i.e., western site), the value of 0.1
given for grass in U.S. EPA (1993b) was used.


For the watershed, it was decided to use a cover fraction representative of undisturbed grass or
forested areas, although high-end values were used.  It was noted that the cover fraction can vary by
several orders of magnitude, depending on the land use type and soil type.  Table B-13 shows estimates
of cover factor values for undisturbed forest land (Wischmeier and Smith, 1978).
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Table B-13
Cover Factor Values of Undisturbed Forest Land


(from WQAM, 1985; original citation Wischmeier and Smith, 1978)


Percent of Area Covered by
Canopy of Trees and Percent of Area Covered by Cover Management


Undergrowth Duff (litter) at least 5 cm deep Factor Value


75-100 90-100 0.0001-0.001


45-70 75-85 0.002-0.004


20-40 40-70 0.003-0.009


Based on the above values and the objectives of this exposure assessment, it was decided that the
high-end values (of those above) would be appropriate; a nominal value of 0.006 (the midpoint of the
high-end range) was chosen.


B.2.17 Sediment Delivery Ratio to Water Body


Parameter: Sdel


Definition: Sediment delivery ratio to water body


Units: unitless


Location Default Value Distribution


Both Locations  0.2 U(0.14,0.23)


Technical Basis:


The sediment delivery ratio is the fraction of soil eroded from the watershed that reaches the
water body.  It can be calculated based on the watershed surface area using an approach proposed by
Vanoni (1975):


where WA  is watershed area in m , b is an empirical slope coefficient (-0.125) and a is an empiricalL
2


intercept coefficient that varies with watershed area.  A graph of the sediment delivery ratio as a function
of watershed area is given in the Water Quality Assessment Manual (Mills et al. 1985, pp. 177,178).  







EF � 2 � 0.2 ln(Xe/Aw)
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B.2.18 Pollutant Enrichment Factor


Parameter: EF


Definition: The pollutant enrichment factor accounts for the fact that the lighter particles susceptible
to erosion tend to have a greater concentration of  pollutants attached per mass than what
the average soil concentration may suggest.


Units: unitless


Location Default Value Distribution


Both Locations  2 U(1.5,2.6)


Technical Basis:


Enrichment refers to the fact that erosion favors the lighter soil particles, which have higher
surface area to volume ratios and are higher in organic matter content.  Concentrations of hydrophobic
pollutants would be expected to be higher in eroded soil as compared to in-situ soil.  While enrichment is
best ascertained with sampling or site-specific expertise, generally it has been assigned values in the
range of 1 to 5 for organic matter, phosphorus, and other soil-bound constituents of concern. 
Mullins et al. (1993, p.6-22) describe the following equation for calculating enrichment ratio for storm
events:


where X  is the mass of soil eroded, in metric tons (1 metric ton = 1000 kg), and A  is watershed area, ine w


hectares (1 hectare = 10,000 m ).  Experience suggests that typical values range from 1.5 to 2.0,2


reflecting erosion events from 0.08 to 1.0 tonnes per hectare.  A very large erosion event of 20 tonnes per
hectare would have a predicted enrichment ratio of 2.6.  The default value assumed here is 2.


B.2.19 Water Body Surface Area


Parameter: Aw


Definition: Water body surface area


Units: km2


Location Default Value Distribution


Both Locations 2.49 U(1.5,3)


Technical Basis:


For the purpose of this assessment, it was assumed that the hypothetical water body has a
diameter of 1.78 km, from which the default surface area is calculated.
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B.2.20 Water Body Volume


Parameter: Vw


Definition: Water body volume


Units: m3


Location Default Value Distribution


Both Locations 1.24x10  Constant7


Technical Basis:


For the purpose of this assessment, it was assumed that the hypothetical water body has a
diameter of 1.78 km and mean depth of 5 m.   The corresponding volume is 1.24x10  m   (using the7 3


formula volume=� r  h).2


B.2.21 Long-Term Dilution Flow


Parameter: Vf x


Definition: Long term dilution flow


Units: m /yr3


Location Default Value (m /yr)3


Eastern Location 1.44x107


Western Location 1.44x105


Technical Basis:


The long-term dilution flow can be estimated from Tables in Mills et al. (1985).  The values in
in/yr are given in Table B-14.  These were multiplied by the watershed area of 3.3x10  m  to obtain the7 2


default values.


Table B-14
Long-Term Dilution Flow In In/Yr


Location Value (in/yr)


Eastern Location 15


Western Location 0.15
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B.2.22 Abiotic Solids Deposition Velocity


The settling velocity for abiotic solids, v , is represented in the spreadsheet by variable SSDEP. s


The default value is set to 730 m/year (2 m/day).


Technical Basis:


Stoke’s equation can be used to calculate the terminal velocity of a particle settling through the
water column:


where V  is Stoke’s velocity, m/year, for abiotic particles with diameter d , mm, and density � , g/cm ; gs p pa
3


is the acceleration of gravity, 981 cm/sec ; µ is the absolute viscosity of water, 0.01 poise (g/cm-sec) at2


20�C; and �  is the density of water, 1.0 g/cm  at 20�C.w
3


Values of V  for particle density of 2.7 and diameters representative of clay, very fine silt, fines


silt, and medium silt are 30, 120, 730, and 2900 m/year, respectively.  Settling velocities should be set at
or below Stoke’s velocity corresponding to the median suspended particle size, keeping in mind that
pollutants tend to sorb more to the smaller silts and clays than to large silt and sand particles.  The value
chosen here is the calculated Stoke’s velocity for fine silt (d  = 0.005 mm), and represents settling of finep


to medium silts.


B.2.23 Biotic Solids Production Rate


The internal production of biotic solids, L , in g/m -year, is set to a default value of 100.Bio
2


Technical Basis:


The production of phytoplankton carbon, in mg-C/m -day, has been linked to trophic status as2


follows (Wetzel, 1975):
  
ultra-oligotrophic:   < 50
oligotrophic:              50  - 300
mesotrophic:             25 - 1000
eutrophic:                >1000


The phytoplankton production is multiplied by 2.7 to get mg-solids/m -day (Mills, et al., 1985, p. 62) and2


by 0.365 to get g-solids/m -year (since the product of 2.7 and 0.365 is 0.99, the phytoplankton production2


in  mg-C/m -day is numerically equal to the solids production in g-solids/m -year).  A value2 2


representative of oligotrophic water bodies was chosen.


B.2.24 Phytoplankton Mortalit y 


The phytoplankton mortality rate constant k  is set to a value of 11 yr .mort
-1


Technical Basis:


In calculating biotic solids, the net primary productivity incorporates phytoplankton growth and
respiration.  Grazing transfers phytoplankton solids to zooplankton solids, both of which are considered
biotic solids.  Settling removes phytoplankton solids from the water column, and is accounted for with a
specific settling velocity.  Nonpredatory mortality accounts for phytoplankton loss processes that are not
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accounted for in the grazing, respiration, and settling loss.  This loss term includes processes such as
senescence, bacterial decomposition of cells, and stress-induced mortality, and is generally modeled
using a first-order rate constant (Bowie, et al., 1985).  Values for rate constants cited in Bowie, et al,
1985 range from 0.003 to 0.17 day .  A rate constant of 0.03 day (11 yr ) was chosen here as a-1 -1 -1


representative mid-range value.  Applying a typical oligotrophic production rate of 100 g/m -year, a2


settling rate constant of 73 m/yr, and a mortality rate constant of 11 yr  to the shallow lake parameterized-1


here, biotic solids are predicted to be 0.75 mg/L.  Assuming that about 75% are phytoplankton, this
corresponds with chlorophyll a levels averaging less than 7 �g/L, which is reasonable for an oligotrophic
lake.


B.2.25 Biotic Solids Deposition Velocity


The settling velocity of biotic solids, v , is set to a default value of 73 m/year (0.2 m/day).sB


Technical Basis:


The settling of phytoplankton solids depends on several factors, including the density, size,
shape, and physiological state of the cells and the turbulence of the flow (Bowie, et al., 1985). 
Phytoplankton settling is a calibration parameter in most modeling exercises.  Most values cited in Bowie
et al. (1985) fall between 0.02 and 2 m/day.  A value of 0.2 m/day (73 m/year) is close to mid-range.


B.2.26 Surficial Sediment Particle Density and Dry Density (Sediment Concentration)


Upper benthic sediment particle density, � , is set to a default value of 1.5 g/cm .  Thep
3


corresponding upper benthic sediment concentration, S , in mg/L, is set to a default value of 75,000.B


Technical Basis:


Benthic sediment concentration is equivalent to dry density (� , in g-sediment/cm ), which canD
3


be calculated from the particle density (� , in g-sediment/cm -sediment) and sediment porosity (n, inp
3 


cm -water /cm ):3  3


Sediment porosity can be calculated from bulk density (� , in g-sediment+water/cm ), along with particleB
3


density and the density of water (�  , in g-water/cm -water):w
3


Dry density, then, can be related to bulk density, particle density, and water density:


Typical particle densities in sediments range between 2.6 and 2.7 g/cm .  At 20�C, water density is close3


to 1.0 g/cm .  For these properties, a bulk density value of 1.6 g/cm  corresponds to a dry density of 1.03 3


g/cm  and a porosity of 0.65, which represents consolidated benthic sediment.   An analysis of 16803


measured bulk densities in marine sediments exhibited a range from 1.25 to 1.8 g/cm  and an average3


particle density of 2.7 (Richards et al., 1974).  Some waterbodies contain an upper unconsolidated layer
of sediment with bulk densities of 1.1 to 1.3, which correspond to porosities of 0.94 to 0.82 and dry
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densities of 0.16 to 0.48 g/cm .  In this study, we represent pollutant storage in the unconsolidated upper3


bed layer where the porosity is 0.95 and the particle density is 1.5 g/cm , which would represent a3


significant percentage of biotic solids.  The corresponding bulk density of this layer is 1.025 g/cm , and3


the dry density is 0.075 g/cm .3


B.2.27 Upper Benthic Sediment Depth


Parameter: zb


Definition: Benthic sediment concentration
Units: m


Scenario Default Value (m) Distribution


Both Locations  0.02 U(0.01,0.03)


Technical Basis:


The total benthic sediment depth can vary from essentially zero in rocky streams to hundreds of
meters in oceans.  In the lake environments being modeled here, the total benthic sediment depth usually
exceeds a few centimeters.  Here we are modeling only the upper layer that is in partial contact with the
water column through physical mixing and bioturbation; thus, a shallow depth of 2 cm was chosen.


B.2.28 Resuspension Velocity


Resuspension velocity, v , is set to a default value of 0.0037 m/year. .  rs


Technical Basis:


Resuspension from a sediment bed is caused by shear stress in the overlying water; the rate of
sediment resuspension for a given shear stress is determined by the shear strength of the upper sediment
layer.  Shear stress in streams is caused primarily by flow velocity.  In lakes, shear stress may be caused
by wind-driven residual currents and waves.  In addition, biotic activity can cause some resuspension. 
For a small lake 5 meters deep with a short fetch (approximately 100 m), wave-induced resuspension
should be almost zero under most wind conditions.  


An empirical approach to parameterizing resuspension velocity is to calculate a value that would
be sufficient to maintain equilibrium suspended solids levels at a given level:


Given a settling velocity of 730 m/year, a benthic solids concentration of 75,000 mg/L, and an
equilibrium suspended solids concentration of 0.4 mg/L, the resuspension velocity is calculated to be
4×10  m/year.-3
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C.1 Introduction


Model plants representing six source categories were developed to represent a range of mercury
emission parameters.  The source categories were selected for the local impact analysis based on their
estimated annual mercury emissions or their potential to be localized point sources of concern.  The
categories were municipal waste combustors (MWCs), medical waste incinerators (MWIs), utility
boilers, and chlor-alkali plants.


Descriptive characteristics, or parameters for each model plant were selected after evaluating the
characteristics of the entire source class.  Important variables for mercury risk assessments include the
following:  mercury emission rates, mercury speciation, and mercury transport/deposition rates. 
Important model plant parameters included stack height, stack diameter, stack volumetric flow rate, stack
gas temperature, plant capacity factor (relative average operating hours per year), stack concentration,
and mercury speciation.


Table C-1 summarizes the model plant parameters modeled in this analysis.  These parameters
represent operating conditions associated with each source type's current mercury control.  That is,
mercury emissions reductions being achieved by the air pollution control devices presently in place were
considered for each source category.  These parameters are not meant to represent a "worst-case"
emissions scenario; they are believed to be representative of the full range of sources (of a given
category) across the United States.  The amount of uncertainty surrounding the emission rates varies for
each model plant.  This uncertainty is reflected in Chapter 8 -- Research Needs -- of this Volume.


C.2 Relationship of Plant Process Conditions to Emissions


Mercury speciation estimates for elemental mercury (Hg ) and divalent mercury (Hg ) were0 2+


made using literature results of thermal-chemical modeling of mercury compounds in flue gas,
interpretation of bench and pilot scale combustor experiments and interpretation of available field test
results.


The amount and speciation of mercury emitted from high temperature process depends on the
composition of the feed material, amount of mercury in the process feed material, process operating
conditions, and process flue gas cleaning techniques (Lindqvist and Schager, 1990).


The inorganic mercury compounds that are considered important in high temperature processes
are HgS(s), HgO(s,g), HgCl (s,g), Hg Cl (s) and HgSO (s).  Some organic compounds, such as2 2 2 4


methylmercury, CH HgCH , and CH HgCl may also occur (Hall et al., 1991).  Thermochemical3 3 3


calculations indicate that at combustion temperatures above 700�C nearly all mercury is vaporized to
form gaseous Hg .  As the flue gas cools, changing equilibrium conditions favor oxidized forms of0


mercury.  When there are significant levels of HCl, Cl , O  and SO  in the flue gas, all of the above2 2 2


oxidized inorganic forms of mercury will tend to occur.  In flue gas from coal and peat combustion at
temperatures below 200�C, the dominant equilibrium species are HgO and Hg .  For combustion wastes0


containing relatively high levels of chlorine, HgCl  will be the dominant mercury compound (Hall et al.,2


1990; Hall 1991, Lindqvist and Schager, 1990).
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Table C-1
Process Parameters for Model Plants


Model Plant Plant Size  (% of (ft) Diameter  Rate  Percent Velocity (°F)
Capacity Stack Height Stack Hg Emission Speciation Exit Exit Temp.


year) (ft) (kg/yr) (Hg /Hg /Hg ) (m/sec)0 2+ P


Large Municipal 2,250 90% 230 9.5 220 60/30/10 21.9 285
Waste tons/day
Combustors


Small Municipal 200 tons/day 90% 140 5 20 60/30/10 21.9 375
Waste
Combustors


Large 1500 lb/hr 88% 40 2.7 4.58 33/50/17 9.4 175
CommercialHMI capacity
Waste Incinerator (1000 lb/hr
(Wetscrubber) actual)


Large Hospital 1000 lb/hr 39% 40 2.3 23.9 2/73/25 16 1500
HMI  Waste capacity
Incinerators (667 lb/hr
(Good actual)
Combustion)


Small Hospital 100 lb/hr 27% 40 0.9 1.34 2/73/27 10.4 1500
HMI  Waste capacity
Incinerators (67 lb/hr
(1/4 actual)
sec.Combustion)


Large Hospital 1000 lb/hr 39% 40 2.3 0.84 33/50/17 9.0 175
HMI  Waste capacity
Incinerators (667 lb/hr
(Wet Scrubber) actual)


Small Hospital 100 lb/hr 27% 40 0.9 0.05 33/50/17 5.6 175
HMI  Waste capacity
Incinerators (Wet (67 lb/hr
Scrubber) actual)


Large Coal-fired 975 65% 732 27 230 50/30/20 31.1 273
Utilit y Boiler Megawatts


Medium 375 65% 465 18 90 50/30/20 26.7 275
Coal-fired Utility Megawatts
Boiler


Small Coal-fired 100 65% 266 12 10 50/30/20 6.6 295
Utilit y Boiler Megawatts


Medium Oil-fired 285 65% 290 14 2 50/30/20 20.7 322
Utilit y Boiler Megawatts


Chlor-alkali plant 300 tons 90% 10 0.5 380 70/30/0 0.1 Ambient
chlorine/day


 Hg   =  Elemental Mercurya 0


 Hg   = Divalent Vapor Phase Mercuryb 2+


 Hg    = Particle-Bound Mercuryc
P
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Experimental evidence shows that the speciation of mercury is more complicated than indicated
by thermochemical equilibrium calculations.  For example SO , soot, activated carbon, CaO and iron2


may promote low temperature reactions that reduce oxidized forms of mercury to Hg  (Hall et al., 1990;0


Hall 1991).  The presence of trace gases and particulate in flue gas promote mercury reactions and
provide surfaces for physical and chemical adsorption.  Reaction kinetics can also be expected to play an
important role under the changing thermodynamics conditions that exist in high temperature flue gas
streams.  Also, some gases such as HCl may not always be or reaction with mercury because of mixing
limitations.


While thermochemical chemical calculations provide information on likely mercury compounds
in flue gas, their presence and relative magnitude have not been confirmed with experimental data.  This
shortcoming is primarily the result of difficulties in the sampling and analysis for mercury compounds. 
One study of mercury speciation on a pilot combustor and a full scale municipal waste incinerator found
that the flue gas contained mainly mercury chlorides, and that Hg  mercury was present in insignificant0


amounts (Metzger and Braun, 1987).  Another experimental study of mercury sampling methods
concluded that total mercury and Hg  can be adequately measured, that the results of the different0


sampling methods tested for ionic mercury differed significantly and that additional efforts must be
devoted the development of mercury speciation methodologies (Lindqvist and Schager, 1990).


In a third study, conducted in the U.S., measurements with a sampling train designed to provide
information on mercury speciation tentatively indicated the presence of methylmercury in the exhaust of
coal and municipal waste combustors (Bloom, 1993).  It was later reported that the methylmercury
reported in that study were the result of artifacts associated with the laboratory analytical procedures. 
Based on these studies it is concluded that the results of tests providing information on total mercury,
Hg  and Hg  are probably valid, but results of tests for methylmercury and other compounds must be0 2+


considered suspect until sampling and analysis protocols for those compounds are validated.


The capture of mercury in flue gas cleaning devices depends on the mercury form [e.g,
speciation and phase (gas, liquid or solid)] and the control devices employed.  Most metals condense to
form solid particles as the flue gases are cooled so that the metals can be collected as particulate matter
(PM).  However, mercury specie such as Hg  and HgCl  are vapors at flue gas temperatures and are0


2


difficult to control.  Some mercury compounds such as HgCl  are soluble in water and can be controlled2


by wet scrubbers.  Some specie such as HgCl2 can be adsorbed onto activated carbon and fly ash carbon
for subsequent collection as PM.  Reagents can be used to produce mercury compounds that condense for
collection as PM.  Reagents can also be used to produce soluble mercury compounds for scrubber
collection.


C.2.1 Municipal Waste Combustors


C.2.1.1 Description of Source Category


There are three major types of municipal waste combustors (MWC's):  mass burn combustors,
refuse-derived fuel (RDF) combustors and modular combustors.  There are number of sub-categories of
these three major types, plus some other types of MWCs, such as fluidized bed combustors.  These other
types of MWCs constitute a minor fraction of the total MWC population.


As of January 1995, there were over 160 MWC plants in the U.S. with aggregate capacities
ranging from greater than 36 Mg/day (40 tons/day).  Most large facilities contain from two to four mass
burn or refuse-derived fuel (RDF) combustors.  Approximately 50 percent of the MWC capacity in the
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U.S. now employ spray dryers and fabric filters (SD/FFs) or SD and electrostatic precipitators (SD/ESPs)
for emission control.  The remaining large facilities do not have acid gas control equipment and
generally use good combustion practice and electrostatic precipitators (ESPS) for emissions control. 
Few U.S. facilities use wet scrubbers.  A number of facilities are planning to use activated carbon to
control mercury emissions as mandated by siting permits.  At least one MWC using activated carbon is
in commercial operation.


C.2.1.2 Summary of Available Data on Emissions and Controls


Uncontrolled mercury emissions from MWC's range from less than 200 ug/dscm to more than
1500 ug/dscm depending on the mercury content of wastes being burned.  Average uncontrolled flue gas
concentrations in mass burn combustors are estimated to be in the range of 600 to 700 ug/dscm (U.S.
EPA, 1993; White et al., 1992; Nebel et al., 1992; White et al., 1993).  Uncontrolled flue gas
concentrations in RDF combustors are somewhat lower since some mercury contained in batteries and
other items is removed in the process that produces RDF.


For combustion sources, the degree of mercury control depends on the flue gas composition, the
amount of fly ash carbon and the flue gas cleaning techniques employed.  Well designed and operated
mass burn combustors have little carbon in their fly ash; even when equipped with SD/FFs or SD/ESPs
they exhibit mercury control levels that typically range from 0 to 50 percent (Nebel et al., 1992; White et
al.,1992).  When powdered activated carbon is injected into the flue gas upstream of the spray dryer in
mass burn combustors, control levels exceeding 90 percent can be achieved for both SD/FF and SD/ESP
systems (Brown and Felsvang, 1992; White et al., 1992; Nebel et al., 1992; White et al., 1993). 
However, SD/ESP systems require from 2 to 3 times more carbon than SD/FF systems (Kilgroe et al.,
1993).


The RDF combustors contain a relatively high amounts of carbon in the fly ash and exhibit
control efficiencies of approximately 80 percent when equipped with SD/ESPs and above 90 percent
when equipped with SD/FFs (White et al., 1992).  Injection of powdered activated carbon can also be
used to augment mercury control in RDF combustion facilities.


Little information is available concerning the performance of flue gas cleaning techniques for
controlling mercury in modular MWCs.  It is expected that the performance of flue gas cleaning devices
on modular units will be similar to the performance of comparable equipment installed on conventional
mass burn combustors.


Electrostatic precipitators and wet scrubbers are commonly used to control emissions from
European MWCs.  Some European plants have installed activated carbon beds downstream of the
primary air pollution control devices to act as polishing filters for control of metals, dioxins and acid
gases.  The use of activated carbon filter beds in combination with conventional control equipment have
demonstrated mercury reductions exceeding 99 percent and mercury outlet concentrations of less than 1
ug/dscm (Hartenstein, 1993).


In conducting risk assessments, it is important to estimate the form and speciation of mercury
emitted in the flue gas.  Several studies estimate the speciation of mercury in MWC flue gases.  Metzger
and Braun (1987) estimate that nearly all mercury emitted from MWCs at flue gas cleaning temperatures
is in the form of mercury chlorides.  Lindqvist and Scahger (1990) estimate that the speciation of
mercury emissions from European waste incinerators consist of 10 percent Hg , 85 percent Hg , and 50 2+


percent mercury associated with PM (Hg (PM)).  Pacyna (1991) estimates that mercury emissions from
European waste incinerators consist of 10 percent Hg , 85 percent Hg , and 5 percent Hg(PM).0 2+


There is currently no validated U. S. EPA method for determining the speciation of mercury in
stack gas.  Information on the chemical behavior of mercury and the distribution of mercury in EPA's
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multi-metal sampling train (Method 29) can be used to estimate the form and speciation of mercury in
MWC stack gas.  Mercury found in the probe and filter can be assumed to have been vapor-phase
mercury adsorbed onto PM or be a solid-phase compound.  Both phases are associated with PM. 
Mercuric chloride is soluble in water and mercury found in the KMnO /H SO  impingers is probably4 2 4


Hg .  The distribution of multi-metal train samples collected during the activated carbon injection tests at0


the Camden County MWC and Stanislaus County tests is shown in Figure C-1 (Nebel et al., 1992; White
et al., 1993).


Figure C-1
Distribution of Mercury in EPA Method 29 Sampling Train,


Camden County and Stanislaus County Carbon Injection Projects
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Tests showing mercury stack concentrations of greater than 100 �g/dscm represent either low
carbon injection feed rates or no carbon injection.  For these tests, Hg  ranged from 2 to 26 percent of0


total mercury.  As carbon injection rates and mercury capture increased, the percentage of Hg  as a0


fraction of total mercury increased.  This implies that Hg  is more easily captured by activated carbon2+


than Hg .  For mercury stack concentrations less than 50 �g/dscm, the fraction of Hg  ranged from0 0


approximately 14 to 72 percent.  The fraction of Hg(PM) was generally below detection limits for most
tests.  It exceeded 10 percent for only one test and was below 10 percent for all other tests where it was
detected.


At low levels of control, the stack concentration of mercury is probably 15 to 30 percent Hg (v)0


and the rest is Hg (v).  At high levels of control, Hg (v) is selectively removed, increasing the relative2+ 2+


concentration of Hg (v), and the relative concentration of Hg (v) may be 50 percent or higher.0 0


For this analysis the speciation profiles for these course types were derived from Petersen et al.,
1995.  The profiles are shown below for each model plant.


C.2.1.3 Selection of MWC Model Plant Parameters


In this analysis, the range of MWC plant conditions are represented by a large 2250 tons/day
model plant and a small 200 tons/day model plant.  The large model plant consists of 3 conventional 750
tons/day mass burn combustors.  The small MWC model plant was assumed to consist of two
conventional 100 tons/day mass burn combustors. 


Large MWC Model Plant


In October 1995, the U.S. EPA finalized emissions guidelines for existing MWCs and New
Source Performance Standards (NSPS) for new facilities.  These require new and existing MWCs that
combust more than 39 tons of waste per day to reduce their mercury emissions to no more than 80
ug/dscm.  To achieve this emission reduction it is likely that most facilities will use activated carbon
injection as a control measure.  Activated carbon injection effectively captures Hg  with the result that2+


the percentage of Hg  as a fraction of total mercury increases.  In addition, the fraction of mercury0


associated with particulate matter (Hg (PM)) also decreases.  


The model plants in this analysis reflected these requirements.  In the analysis, the speciation
profile utilized for the large MWC model was 60 percent Hg , 30 percent Hg , and 10 percent Hg (see0 2+ p 


Table C-1).


Small MWC Model Plant


The small MWC model plant was assumed to consist of two state-of-the-art 100 tons/day mass
burn combustors.  The waste composition and behavior of mercury in the combustor was assumed to be
similar to that observed in large mass burn combustors.  Since the 1995 emissions guidelines and NSPS
apply to the small MWCs as well, it is again likely that most facilities will use activated carbon injection
as a control measure.  Stack emissions were therefore assumed to consist of mercury consisting of 60
percent Hg , 30 percent Hg , and 10 percent particulate mercury.0 2+


Sensitivity to Emissions Speciation


For the two municipal waste combustors, two additional emissions speciations were utilized to
investigate the sensitivity of the deposition rates to the speciation.  These scenarios are summarized in
Table C-2.


Table C-2
Scenarios for Sensitivity of Total Mercury Deposition Rate to Emissions Speciation 
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for Municipal Waste Combustors


Mercury % Hg0 % Hg2 Vapor % Hg2 Particulate
Emissions
Scenario


LMWC_A 30 50 20


LMWC_B (used 60 30 10
in analyses)


LMWC_C 90 10 0


SMWC_A 30 50 20


SMWC_B (used 60 30 10
in analyses)


SMWC_C 90 10 0


C.2.2 Medical Waste Incinerators


C.2.2.1 Description of Source Category


Medical waste incinerators (MWIs) are small incinerators that burn from 1 ton/day (0.9 Mg/day)
to 60 tons/day (55 Mg/day) of infectious and noninfectious wastes.  These wastes are generated by
various facilities including hospitals, clinics, medical and dental offices, veterinary clinics, nursing
homes, medical laboratories, medical and veterinary schools and research laboratories and funeral
homes.


Approximately 2,400 MWIs currently operate throughout the country; geographic distribution is
relatively even.  Of these units, most are hospital incinerators (U.S. EPA, 1996).


The primary function of MWIs is to render the waste biologically innocuous and to reduce the
volume and mass of solids that must be landfilled (by combusting the organic material contained within
the waste).  Currently, three major types of MWI operate in the United States: continuous, intermittent,
and batch.  All three have two chambers that operate on a similar principle.  Waste is fed to a primary
chamber, where it is heated and volatilized.  The volatiles and combustion gases are then sent to a
secondary chamber, where combustion of the volatiles is completed by adding air and heat.  All mercury
in the waste is assumed to be volatilized during the combustion process and emitted with the combustion
stack gases.


C.2.2.2 Summary of Available Data on Emissions and Controls


A number of air pollution control systems are used to control PM and acid gas emissions from
MWI stacks.  Most of these systems fall into the general classes of either wet or dry systems.  Wet
systems typically comprise a wet scrubber, designed for PM control (venturi scrubber or rotary
atomizing scrubber), in series with a packed-bed scrubber for acid gas removal and a high efficiency mist
elimination system.  Most dry systems use a fabric filter for PM removal, but ESP's have been used on
some of the larger MWIs.  All of these systems have limited success in controlling mercury emissions. 
Recent EPA studies indicate that sorbent injection/fabric filtration systems can achieve improved
mercury control by adding activated carbon to the sorbent material (U.S. EPA, 1994).







C-8


C.2.2.3 Selection of MWI Model Plant Parameters


To represent the MWI source category, three model plants were devised:  a large commercial
MWI, a large hospital MWI (with good combustion), and a small hospital MWI (with 1/4 sec.
combustion).  For the large and small hospital MWIs, two alternate scenarios were examined using the
assumption that wet scrubbers were utilized as a control technology (in accordance with the final
emissions guidelines for MWIs).


Large Commercial Facility


The large commercial MWI was assumed to have a capacity of 1500 lb/hr.  This incinerator was
modeled at a mercury emissions rate of 4.58 kg/yr with a speciation profile consisting of 33 percent Hg ,0


50 percent Hg , and 17 percent particulate mercury.2+


Hospital Facilities


Two hospital facilities were modeled:  a large hospital MWI and a small hospital MWI.  The
larger facility was assumed to perform with good combustion and a capacity of 1000 lb/hr.  It was
modeled at a mercury emissions rate of 23.9 kg/yr with a speciation profile consisting of 2 percent Hg ,0


73 percent Hg , and 25 percent particulate mercury.  The smaller hospital MWI, with 1/4 sec.2+


combustion, was assumed to have a capacity of 100 lb/hr.  It was modeled with a speciation profile
consisting of 2 percent Hg , 75 percent Hg , and 23 percent particulate mercury.0 2+


In developing the alternate speciation profiles for the large and small hospital MWIs, it was
assumed that the wet scrubber would remove 94 percent of the Hg  from the flue gas.  The effect of this2+


is that the large and small hospitals with wet scrubbers emit more elemental mercury relative to what
they emit when they are uncontrolled (see Table C-1).


C.2.3 Utility Boilers


C.2.3.1 Description of Source Category


Utility boilers are large boilers used by public and private utilities to generate electricity.  There
are approximately 1800 utility boilers in the U.S. which burn coal, oil and natural gas.  In 1990, utility
boilers consumed fossil fuel at an annual level of 21 x 10  British thermal units (Btu).  About 80 percent15


of this total energy consumption resulted from coal combustion, 6 percent from oil and petroleum fuels
and 14 percent from natural gas consumption.  Ninety-five percent of the coal burned is bituminous and
subbituminous; lignite accounts for 4 percent.  Mercury emission estimates were not calculated for
natural gas combustion because reliable test data necessary to calculate an emission factor do not exist. 
Given these factors, the indirect exposure analysis focused only on coal-fired units burning bituminous
coal and residual oil-fired units.
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C.2.3.2 Summary of Available Data on Emissions and Controls


About 80 percent of coal-fired utility boilers use ESPs for PM control.  Scrubbers (or flue gas
desulfurization units (FGDs)) are the most commonly used device for sulfur dioxide (SO ) control. 2


Spray dryer absorption (SDA), or dry scrubbing, followed by a PM control device may also be used. 
Mechanical collectors are used infrequently.  Coal washing, which separates coal and impurities from
crushed and screened coal by differences in specific gravity, is done routinely to meet customer
specifications for heating value, ash and sulfur content.  Advanced coal cleaning techniques may reduce
the concentration of mercury contained in the mineral and organic phases of the coal, but the reliability
and feasibility of these emerging techniques are unknown at this time.


Carbon filter beds are being used successfully in Europe for control of heavy metals, organic
compounds and acid gases (Hartenstein, 1993).  Five full-scale applications of carbon beds are currently
in use for utilities, with future applications planned for hazardous waste incinerators and MWCs. 
Activated carbon injection has been used successfully in the U.S. for mercury removal from the stack gas
of MWCs and MWIs.  This technology has been tested on a pilot-scale basis in the U.S..  Table C-3
summarizes the control efficiencies for various control technologies for utility boilers, based on pilot-
scale test data.
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Table C-3
Mercury Removal Efficiencies


Control Technique (percent) (percent) Reference


Range of Removal Median Removal
Efficiency Efficiency


Carbon bed Unknown 99 Hartenstein (1993)


Fabric Filter + AC 76-99 98 Volume VIII, App. A.
(Low temp. + Low C injection rate)


Fabric Filter + AC 14-47 29 Volume VIII, App. A
(High temp. + Low C injection rate)


Fabric Filter + AC 95-99 98 Volume VIII, App. A
(Low temp. + High C injection rate)


Fabric Filter + AC 69-91 73 Volume VIII, App. A
High temp. + High C injection rate)


SDA/ESP + AC 75-91 86 Volume VIII, App. A


SDA/FF + AC 50- >99 NA Volume VIII, App. A


Fabric filter 0 - 51 29 Volume II


Scrubber (FGd) 18 - 84 23 Volume II


Dry scubber (SDa) 23 - 83 67 Volume II


ESP 0 - 22 15 Volume II


Mechanical collector 0 0 Volume II


Coal washing -200 - 64 21 (average Volume II
removal)


Advanced coal washing Unknown - Volume VII


Mercury emissions of mercury from utility boilers can vary depending on the mercury content of
the fuel and the control technique used.  Based on emissions test data (as described in the mercury
emissions inventory, documented in a separate report), a mercury emission rate of 10 ug/dscm was
chosen to represent emissions from a coal-fired utility with PM control.  Two ug/dscm was chosen as the
emission rate for mercury emissions from an uncontrolled residual oil-fired utility.  This emission rate is
a worse-case estimate for an oil-fired plant.  This high estimate was selected for the modeling because
the impacts from oil-fired boiler were expected to be very small even using the worst-case.


As discussed above, the chemical specie of mercury being emitted affects both the removal
efficiency of the control device and the deposition of mercury from the atmosphere.  Based on Petersen
et al., 1995, it was assumed for the local impact analysis that the mercury emitted from the utility model
plants (both coal- and oil-fired) consisted of 50 percent HgO and 30 percent Hg , and 20 percent2+


Hg(PM).
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C.2.3.3 Selection of Model Plant Parameters


The source of data for selecting the model plant sizes was the Utility Data Institute (UDI)/Edison
Electric Institute (EEI) Power Statistics Database (1991 edition).  This database provided information on
fuel use, boiler sizes and stack parameters.  The database had information on 1708 units, of which 795
were bituminous coal-fired and about 225 were oil-fired.  The remainder were primarily fired with
natural gas although there were some boilers burning lignite and anthracite coals.  Given the
predominance of bituminous coal-fired units, those were the units chosen for the indirect exposure
analysis as well as one residual oil-fired unit.


The 795 coal-fired units were divided into 3 size classifications (by megawatt (MW)) according
to 33rd percentiles.  The size classes had approximately the same number of units in each.  The "large"
group which consisted of units greater than or equal to 575 MW had 262 units.  The "medium" group
which consisted of units between 199 MW and 575 MW had 256 units.  The "small" group consisting of
units greater than 25 MW but less than 200 MW had 277 units.  The model plant parameters were chosen
by evaluating each group separately and taking the average value for each parameter from each group
(e.g., for representative MW, stack height and stack diameter).


Based on this analysis, three boiler sizes were chosen as the basis for the coal-fired model plants:
975 MW, 375 MW, and 100 MW.  The same type of analysis for the oil-fired units led to the selection of
a 285 MW residual-oil fired unit as a representative model plant size for the oilfired units.


Coal-Fired Utility Model Plants


All of the coal-fired utility model plants had a capacity factor of 65 percent, and were equipped
with a cold-side ESP.  The inlet mercury level (i.e., the amount of mercury entering the emission control
device) was assumed to be 10 �/dscm (4.4 gr/million dscf).  For emissions, it was assumed that no
mercury control across the ESP was achieved and that the mercury emissions were 10 ug/dscm (4.4
gr/million dscf).


Oil-Fired Utility Model Plant


The oil-fired utility model plant was a 285 MW boiler firing No. 6 fuel oil containing 1 percent
sulfur and 300 ppm chlorine.  It was assumed to have a capacity factor of 65 percent, and was not
equipped with any particulate matter control device.  The inlet mercury level associated with this model
plant was assumed to be 2 �/dscm (1 gr/million dscf).  It was assumed that no mercury control was
achieved and that the mercury emissions were 2 ug/dscm (1 gr/million dscf).


C.2.4 Chlor-Alkali Production


C.2.4.1 Description of Source Category


Chlor-alkali production using the mercury cell process, (which is the only chlor-alkali process
that uses mercury), accounted for 14.7 percent of all U.S. chlorine production in 1993 (Dungan, 1994). 
The three primary sources of mercury air emissions from chlor-alkali plants are the byproduct hydrogen
stream, the end box ventilation air and the cell room ventilation air.  The byproduct hydrogen stream
from the decomposer is saturated with mercury vapor and may also contain fine droplets of liquid
mercury.  The quantity of mercury emitted in the end box ventilation air depends on the degree of
mercury saturation and the volumetric flow rate of the air.  The amount of mercury in the cell room
ventilation air is variable and comes from many sources, including end box sampling, removal of
mercury butter from end boxes, maintenance operations, mercury spills, equipment leaks and cell failure
(U.S. EPA, 1984).
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C.2.4.2 Summary of Available Data on Emissions and Control


The most recent source of mercury emission data is from Clean Air Act section 114 survey
questionnaires of the chlor-alkali industry (as referenced in section 4.2.1 of Volume II of this report). 
The industry survey data were reported for 1991; total annual mercury emissions were 6.5 Mg (7.1 tons)
which includes 12 of 14 facilities that were operational in 1996.  A previous report by the U.S. EPA was
used to develop plant- specific parameters (U.S. EPA, 1973).


The control techniques that are typically used to reduce the level of mercury in the hydrogen
streams and in the ventilation stream from the end boxes are the following:  gas stream cooling, mist
eliminators, scrubbers and adsorption on activated carbon or molecular sieves.  Mercury emissions from
the cell room air circulation are not subject to specific emission control measures.  Concentrations are
maintained at acceptable worker exposure levels through good housekeeping practices and equipment
maintenance procedures (U.S. EPA, 1984).


Speciated emissions data for chlor-alkali plants are extremely limited.  For this analysis was
assumed that the emitted mercury was in the vapor phase and consisted of 70 percent Hg  and 30 percent0


Hg  (Peterson et al., 1995).2+


C.2.4.3 Selection of Model Plant Parameters


For the indirect exposure analysis, one chlor-alkali model plant, which produces 273 Mg (300
tons) of chlorine per day, was devised.  This model plant represented the mid-range size of chlor-alkali
plants in operation (U.S. EPA, 1984).  The model plant had individual flow rates from the hydrogen and
end-box streams of 4,080 dscm/hr (144,000 dscf/hr) each at 21 percent 02 (combined to equal 8,160
dscm/hr [288,000 dscf/hr]) (U.S. EPA, 1973).  A 90 percent capacity factor (operation for 7889 hr/yr)
was assumed.


The typical emissions control scenario for both the hydrogen and end-box streams was assumed
to consist of a heat exchanger to cool the effluent gas, followed by a knockout drum to separate the
condensed mercury from the hydrogen and end-box streams.  A mercury level of 1,040 g/day (2.3 lb/day)
was assumed for the purpose of indirect exposure analysis to be consistent with the federally-mandated
mercury standard for the hydrogen and end-box streams at all chlor-alkali plants (U.S. EPA, 1984).
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D. AQUATIC BIOACCUMULATION FACTOR DEVELOPMENT AND
UNCERTAINTY ANALYSIS


D.1 Introduction


This appendix describes efforts to estimate bioaccumulation factors (BAFs) for mercury in fish. 
Following the food chain structure described in Section 3.3 of Volume VI, BAFs are estimated for fish
that occupy trophic levels 3 and 4.  Respectively, these values are referred to as BAF  and BAF .  In this3 4


analysis, BAFs for  mercury are derived for methylmercury and total mercury in filtered surface lake
water (dissolved species in the epilimnion, only).  The BAF for methylmercury is defined as the
concentration of methylmercury in whole fish divided by the concentration of dissolved MeHg in the the
epilimnion.  The BAF for total mercury is defined as the concentration of total mercury in whole fish
divided by the concentration of dissolved total mercury in the the epilimnion.  As the primary focus is on
the methylmercury species, several methods are used to estimate methylmercury BAFs.  The BAFs serve
as critical inputs to the calculation of wildlife criterion (WC) values and are also used to characterize
human exposure from consumption of contaminated fish.  Special emphasis is placed on evaluating
uncertainties associated with these values.


Measures of mercury accumulation that are not treated in this appendix include: (1) BAFs for
trophic levels 1 and 2; (2) biota-sediment bioaccumulation factors (BSAFs) for trophic levels 1 - 4; and
(3) predator-prey factors (PPFs) for piscivorous wildlife (i.e., the concentration of mercury in piscivorous
birds and mammals divided by that of their prey).  Readers interested in information concerning these
parameters, including summaries of field data from which estimated values can be derived, are referred
to section 2.3.1 of Volume VI.   


The wildlife criterion methodology used to derive BAFs in the Great Lakes Water Quality
Initiative (GLWQI) served as a starting point for the present analysis.  The analysis was then extended to
include an examination of field data from which BAFs could be estimated directly.  It was recognized
that considerable natural variability exists with respect of the accumulation of mercury in aquatic food
chains.  An effort therefore, was made to incorporate this variability into the analysis.  This was
accomplished by using a probabilistic simulation approach.  The probabilistic simulation method is
described in Section D.2.2.  


Two other variables are also presented in this appendix that are not directly used in the
calculation of BAFs for methylmercury, but are necessary for other parts of Volume III.  Those variables
are 1) the fraction of total methylmercury in the epilimnion that is dissolved and 2) the fraction of total
methylmercury in the hypolimnion that is dissolved. 


D.2 Probabilistic Uncertainty Analysis


D.2.1 Sources of Uncertainty and Their Treatment


Models of environmental phenomena must deal with two basic sources of uncertainty.  The first
is uncertainty arising from natural variability, such as the size of individuals in a population or their
differences in xenobiotic metabolism.  The second is uncertainty of the value of a parameter or variable
when it is known that there is a single value, such as measurement error in duplicate samples or lack of
knowledge of the true variance of a process.  These two sources of uncertainty are formally referred to as
"variability" and "uncertainty", respectively.  In the current analysis (this Appendix), variability and







D-2


uncertainty are aggregated in the probabilistic simulation output.  That is, there is no attempt to fully
separate variability and uncertainty, except to the extent that variability of within-lake processes are used
to estimate the uncertainty in the means of the among-lake variables.  Ideally, each parameter for each
input distribution should be distributions, themselves.  The distributions for the input distribution
parameters are determined best by formal expert-elicitation techniques designed to assess subjective
knowledge (Morgan and Henrion, 1990).  In this appendix the term "variability" is used in a general
context, comprising both variability and uncertainty.  The term "variable" is used to describe model
variables treated as random variates, while the term "parameter" refers to a fixed parameter of the
mathematical form of a specific distribution.


In dealing with the issue of uncertainty, it is important to distinguish between qualitative and
quantitative models.  A qualitative analysis can only make descriptive value-judgement statements about
the magnitude of the uncertainty or about the general confidence in the model output, such as "high",
"medium" or "low" and cannot address the statistical properties of the model.  A quantitative analysis
allows for a more precise expression of the overall variability, is essential for comparing the results of
different models and is necessary to determine which of the input parameters have the greatest effect on
the model output.  The latter procedure, called a sensitivity analysis, allows the model developers to
focus future efforts on the most important aspects of the model and gives the risk assessor or risk
manager valuable perspective for interpreting the results.


D.2.2 Probabilistic Simulation


There are a number of methods for expressing uncertainty in a quantitative fashion, the
discussion of which is beyond the scope of this document.  The reader is referred to Morgan and Henrion
(1990) for a description of these techniques.  Monte Carlo simulation is an approach that is commonly
used as a means of explicitly treating the variability in the input variables.  The Monte Carlo method is
an iterative random sampling technique that mathematically combines prescribed distributions rather than
single numbers and allows for the propagation of variability in each input variable throughout the model;
that is, the variability in each input will be reflected in the output, which is also in the form of a
distribution.  


For models in which all variables are Gaussian ("normal") and all operations are addition or
subtraction, a mathematical ("analytic") solution exists and Monte Carlo simulation is unnecessary
(Aitchison and Brown, 1966). In the analytic solution, the output is a normal distribution with a mean
equal to the sum (or difference) of the means of the inputs and a standard deviation equal to the square
root of the sum of the variances of the input distributions.  This solution is also applicable to lognormal
distributions when the mathematical operations are carried out on the logarithms of the inputs (commonly
referred to as "log space"). 


Calculation of a WC value requires that a single BAF value be established for each trophic level
contributing to the analysis.  The same is true for estimating human exposure due to ingestion of
contaminated fish.  It should be noted, however, that the probabilistic simulation approach yields both a
mean and distribution of BAF values.  Although mean values were used for the calculation of WC values,
it is of interest to characterize the statistical variation about this estimate, since it may reflect actual
variation in natural systems.  The possible significance of these distributions is discussed in Volume VI.
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D.2.3 Selection of Distributions for Input Variables


Input distributions are based on an analysis of published data and one unpublished report (see
Sec. D.3.1., Data Quality Objectives).  In general, an empirical distribution representing both the central
tendency and the extremes of the given data is determined.  For analytical convenience the actual input
distributions are given in parametric form for this analysis.  That is, formal analytic distributions that are
expressed by a mathematical equation (with specific defining parameters) are assigned to the inputs
rather than using the preliminary empirical forms (a collection of values).  The choice of the
mathematical form for each of the variables is somewhat a matter of judgement.  The particular set of
parameters chosen for each of the distributions is only one realization of a number of possible choices. 


Lognormal distributions are used almost exclusively in this analysis, partly for analytical
convenience but primarily because many of the factors contributing to the variability of the modeled
processes are likely to be multiplicative rather than additive.  Given the complexity and nonlinear nature
of  the underlying processes, the actual distribution of model variables is unlikely to follow any simple
closed-form mathematical relationship.  The lognormal form is judged to be the most appropriate, but
values from the distribution far outside the range of observations do not necessarily have any real-world
significance.  A general rule-of-thumb is that the empirical observations span a fractile range of 0.5/n to
(n - 0.5)/n, where n is the number of observations (Wilk and Gnanedesikan, 1968).  That is, for a sample
size of 5, the extreme observations would be considered to be at the 0.1 and 0.9 fractiles (10th and 90th
percentiles). This approach allows for the possibility of more extreme values in larger samples and is
used in this analysis to construct all empirical distributions.  In this analysis, the 90% confidence interval
(5th to 95th percentiles) is used extensively for comparisons of approaches.  In many cases this interval is
somewhat outside the spread of the empirical distribution.  Therefore, no strong significance should be
attached to these extreme values.


Distribution parameters are established by the method of moments, in which the sample mean
and sample standard deviation, themselves, are used as estimates of the parameters.  For the lognormal,
the parameters are determined in log space (mean and standard deviation of the logs of the observations). 
The only other distribution used in this analysis is the beta.  The beta is used for all values that are
expressed as fractions of a whole, primarily because the beta has limits of 0 and 1 and can take on a wide
range of shapes.  The beta has two shape parameters (� and �), which, in this analysis, are indirectly
determined by the method of moments.  That is, the two equations for � and � in terms of the moments
are solved simultaneously using the sample mean and standard deviation (Evans et al., 1993). 


The fundamental data unit in all analyses was defined as the water body (lake).  That is, each
lake was treated as an independent unit.  In some cases, when data from several lakes were aggregated in
the published study or to avoid over-representation of a specific geographical area, data points were
defined by the average across several lakes.


All simulations were performed on an Intel Pentium /130 CPU in S-PLUS  (version 3.1) in the® ®


MS Windows  (version 3.11) environment.  ®


D.2.4 Conventions for Representation of Distributions in This Appendix


Parameters of the lognormal distributions are expressed as the geometric mean (GM) and the
geometric standard deviation (GSD). The geometric mean is defined as e , where µ is the mean of theµ


logarithms of the observations.  The geometric standard deviation is defined as e , where � is the�
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standard deviation of the logarithms of the observations.  The beta distribution is characterized by two
shape parameters (� and �).


All of the distributions developed in this analysis represent the variability of the mean value of a
specific variable across water bodies.  As all of the variables in this analysis deal with estimates for a
randomly-selected single water body, independent of any other water body, the central-tendency estimate
will be given as the median .  The arithmetic mean (average of the untransformed values) is given in
some cases for purposes of comparison.  The arithmetic mean would be useful only in the case when fish
were consumed equally by a receptor from all of the lakes in the analysis.  The arithmetic mean given in
tables showing the output of analytic (lognormal) simulations is the analytic mean of the specified
distribution, calculated directly from the distribution parameters (Evans et al., 1993).  The spread of the
distribution will be expressed as the interquartile range (25th to 75th percentiles) and the 90% confidence
interval (5th to 95th percentiles).  When possible, a distribution will be represented graphically by an
empirical density histogram overlaid with the fitted probability density function (PDF).


D.3 Estimation of BAFs for Methylmercury


BAF values for methylmercury in aquatic food chains were calculated in three different ways. 
The first method of calculation was a modification of the method used to support WC development in the
GLWQI (U.S. EPA, 1994) and involved multiplication of a weighted bioconcentration factor (BCF) by
appropriate food chain multipliers (FCMs).  This method (modified GLWQI method) yielded BAFs for
trophic levels 3 and 4.  The second method (direct method or field-derived method) involved direct
estimation of a BAF for trophic level 3 from field data, which was then multiplied by a predatory-prey
factor (PPF) for trophic level 4 to yield a BAF for trophic level 4.  A BAF for trophic level 4 was also
estimated directly from field data.  The results of all three analyses were then compared.  Final BAF
values for trophic levels 3 and 4 were recommended for calculation of WC values and for estimation of
human exposure from consumption of contaminated fish.


More detailed approaches have been proposed to estimate BAFs for mercury in aquatic food
chains (e.g., the mercury cycling model (MCM), developed by the Electric Power Research Institute;
Hudson et al., 1994).  Such approaches were considered to be inappropriate, however, in view of the
general lack of understanding of mercury accumulation and the broad geographical focus of this report. 
In particular, it was determined that models requiring calibration to specified food chains and lake water
characteristics were unlikely to yield information that could be applied with confidence to a different
food chain, or in a lake with different biogeochemical characteristics.  Instead, the decision was made to
accept that considerable variability exists with respect to mercury concentrations in fish, and to employ
statistical methods that treat this variability quantitatively.


D.3.1 Data Quality Objectives


Preference was given to data published in the peer-reviewed literature.  Data from one
unpublished report was also included (Suchanek et al., 1993), which was notable for its scope, level of
detail and quality; this study also provides the only data for a eutrophic water body in a more temperate
climate.  Also, because of recent advances in analytical techniques for measurement of methylmercury in
natural waters, primary consideration was given to methylmercury values reported since 1990 (Bloom,
1989; Bloom, 1992).  BAFs based on methylmercury from earlier literature tend to be lower due to
higher (biased) reported water concentrations.  This restriction does not apply to reported values for total
mercury.  An attempt was made to characterize the data as necessary to permit comparisons to be made
between studies.  For example, mean values were estimated even if the original authors did not do so. 
When possible BAFs were reported in terms of both the age or size of the fish involved and the mercury
species measured in the fish. 







D-5


D.3.2 Estimation of BAFs For Mercury Using a Modified GLWQI Approach


D.3.2.1 BAFs Published in the Proposed Guidance


BAFs for mercury were estimated to support the development of wildlife criteria values in the
GLWQI (U.S. EPA, 1993).  The approach and assumptions used in these calculations were subsequently
modified to incorporate new information (U.S. EPA, 1994) and to provide BAFs for methylmercury
rather than total mercury.  The following is a description of the modified approach.  


BAFs were calculated in support of wildlife criterion development to relate methylmercury
concentrations in fish to dissolved methylmercury concentrations in water.  The formula for the
calculation of the BAF for a given trophic level is given in equation 1.


BAF  = BCF  x FCM  x fmmf (1)X MeHg X


where


BAF is the bioaccumulation factor for trophic level X (L/kg),X


BCF is the bioconcentration factor for methylmercury at trophic level 1, MeHg


FCM is the food-chain multiplier representing the cumulative biomagnification of mercuryX


from trophic level 2 to trophic level X and
fmmf is the fraction of total mercury in fish flesh that is in the methylated form.


The formula for FCM  is given in equation 2.4


FCM  =  PPF  x PPF  x PPF (2)4 2 3 4


where


PPF  is the predator-prey factor at trophic level 2 representing the biomagnification of2


mercury in zooplankton as a result of feeding on contaminated phytoplankton,
PPF  is the predator-prey factor for forage fish feeding on contaminated zooplankton, and3


PPF  is the predator-prey factor piscivorous fish feeding on forage fish.4


The estimated inputs for equations 1 and 2 are as follows:


The BCF for methylmercury in aquatic biota is 33,000.
The predator-prey factors (PPFs) for trophic levels 2, 3 and 4 are 6.3, 6.2 and 4.9, respectively. 
The FCM for trophic level 3 is 39 (6.3 x 6.2).
The FCM for trophic level 4 is 195 (6.3 x 6.2 x 5.0).


The estimated BAFs for trophic levels 3 and 4 are as follows:


BAF for trophic level 3 = 1.32 x 10  L/kg6


BAF for trophic level 4 = 6.52 x 10  L/kg6


Several key assumptions were made to permit estimation of these values.  These assumptions
include the following:


1. The mercury concentration at trophic level 1 is determined by the extent to which mercury
bioconcentrates during an aqueous exposure,
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2. BCFs and PPFs are lognormally distributed,
3. 100% of total mercury in fish exists as methylmercury,
4. Phytoplankton are 90% water by weight, 
5. Zooplankton are 80% water by weight. 


D.3.2.2 Inputs and Assumptions for the Present Analysis


Input variable distributions are presented individually along with the data from which they were
derived. 


Bioconcentration Factor for Methylmercury in Fish


Variable: BCFMHg


Definition: Total mercury concentration in fish divided by dissolved methylmercury in water
Point Estimate: 33,000 (unitless)
Distribution: lognormal (GM = 33,400; GSD = 4.888)


Technical Basis:


Bioconcentration factors (BCFs) for methylmercury in phytoplankton ranging from 3,400 to
133,000 were estimated from field data in the published literature and are presented in Table D-1.  As
phytoplankton analysis is done on a dry weight basis an assumption was made that phytoplankton were
90% water (Watras and Bloom, 1992).  This assumption applies to all of the values in Table D-1.  The
lowest value of 3,400 estimated from Mason and Sullivan (1997) was a result of a very low percentage of 
methylmercury (2.3%) of the total mercury in the sample.  The highest value of 133,000 for Little Rock
Lake was converted from a BCF for total methylmercury of 88,900 calculated from data in Watras and
Bloom (1992) by dividing by 0.667, the fraction of total methylmercury in the water column that is
dissolved.  The latter value was calculated from mercury speciation data reported in Bloom et al. (1991)
for the same lake.  The BCF from Hill et al. (1996) is an average of 4 locations in E. Fork Poplar Creek.


Table D-1
Bioconcentration Factor for Methylmercury in Phytoplankton


Value Reference


3,400 Lake Michigan Mason and Sullivan, 1997


38,400 E. Fork Poplar Cr., TN Hill et al., 1996


107,000 Onondaga Lake, NY Becker and Bigham, 1995


133,000 Little Rock Lake, WI Watras and Bloom, 1992


Predator-Prey Factor for Trophic Level 2 


Variable: PPF2
Definition: Factor by which methylmercury concentrations in trophic level 2 organisms


exceed those in trophic level 1 organisms upon which they prey.
Point Estimate: 6.3 (unitless)
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Distribution: lognormal (GM = 6.34; GSD = 1.273)


Technical Basis:


Three studies were found in the literature for the estimation of PPF .  The estimated values are2


listed in Table D-2.  Concentrations of methylmercury in trophic level 1 organisms (phytoplankton) were
estimated as for BCF .  That is, phytoplankton were assumed to be 90% water.  In addition, to convertMHg


from dry weight to wet weight, zooplankton were assumed to be 80% water (Watras and Bloom, 1992)
for all of the values.  The factors contributing to the variability in PPFs were assumed to be
multiplicative and best represented by a lognormal distribution. 


Table D-2
Predator-Prey Factor for Trophic Level 2


Value Location Reference


5.0 Little Rock Lake, WI Watras and Bloom, 1992


6.3 L. Michigan Mason and Sullivan, 1997


8.1 Onondaga L., NY Becker and Bigham, 1995


Predator-Prey Factor for Trophic Level 3


Variable: PPF3
Definition: Factor by which methylmercury concentrations in trophic level 3 organisms


exceed those in trophic level 2 organisms upon which they prey.
Point Estimate: 6.2 (unitless)
Distribution: lognormal (GM = 6.22; GSD = 2.120)


Technical Basis:


Five studies were found in the literature for the estimation of PPF .  The estimated values and3


trophic level 3 species are listed in Table D-3.  Concentrations of methylmercury in trophic level 2
organisms (zooplankton) were estimated as for PPF .  That is, zooplankton were assumed to be 80%2


water.  Trophic level 3 species were reported only as “planktivorous fishes” in Plourde et al. (1997).  The
factors contributing to the variability in PPFs were assumed to be multiplicative and best represented by
a lognormal distribution.
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Table D-3
Predator-Prey Factor for Trophic Level 3


Value Trophic Level 3 Species Location Reference


2.6 gizzard shad, white perch Onondaga L., NY Becker and Bigham, 1995


3.2 yellow perch Little Rock Lake, WI Watras and Bloom, 1992


7.5 bloater L. Michigan Mason and Sullivan, 1997


9.6 “planktivorous fishes” LG2 Res., Quebec Plourde et al., 1997


15.5 “planktivorous fishes” 4 lake aggregate, Quebec Plourde et al., 1997


Predator-Prey Factor for Trophic Level 4


Variable: PPF4
Definition: Factor by which methylmercury concentrations in trophic level 4 organisms


exceed those in trophic level 3 organisms upon which they prey.
Point Estimate: 5.0 (unitless)
Distribution: lognormal (GM = 4.95; GSD = 1.464)


Technical Basis:


PPF s on a total mercury basis ranging from 2.4 to 7.5 were estimated for "standardized" lake4


trout (60 cm) and rainbow smelt (15 cm) from nine Ontario lakes (MacCrimmon et al., 1983).  Values
from very old (20+ years) lake trout from Tadenac Lake exceeded those of age 2+ year-old rainbow smelt
by a factor of 12.3.  Levels in trout appeared to increase dramatically when they became large enough
(about 6 years old) to switch from a diet of benthic invertebrates to smelt.  The overall average PPF was
5.0.


PPF s (total mercury basis) ranging from 1.2 to 8.4 were calculated from data reported by Wren4


et al. (1983).  These estimates were computed by dividing the average values for three predators
(smallmouth bass, northern pike, and lake trout) by average values for two forage fish (bluntnose minnow
and rainbow smelt).  The maximum value was obtained by dividing the value for pike by that for
minnows. The overall average PPF was 3.0.


Data presented by Mathers and Johansen (1985) were used to calculate PPF s of 5.9 and 4.9 for4


northern pike and walleye, respectively.  Each value was calculated by dividing the total mercury residue
in eight-year-old fish by the weighted average total mercury content of the diet for each species. 
Corresponding values for four-year-old fish were 2.8 and 2.2, respectively.  Values for both species
tended to increase with fish age and in some very old walleye exceeded 10. The overall average PPF was
4.0.


PPF s ranging from 2.7 to 4.5 were computed by dividing the average total mercury residues in4


two predators (northern pike and brown trout) by average values for two forage fish (whitefish and smelt)
(Skurdal et al., 1985).  The overall average PPF was 3.6.


A PPF of 5.22 was calculated from data presented by Cope et al. (1990).  Data for age 5 walleye
were regressed against data from age 2 yellow perch.  All fish were collected from northern Wisconsin
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seepage lakes.  The PPF was calculated from the regression equation for a perch containing 0.1
micrograms/g of total mercury.  It should be noted that in this study mercury levels in muscle from
walleye were compared with whole-body levels in perch.


Residue data given by Jackson (1991) were used to calculate PPF s ranging from 5.5 to 14. 4


Estimates were computed for four lakes in Manitoba by dividing the average values for two predators
(northern pike and walleye) by average values for two forage fish (yellow perch and spottail shiners).
The average value was 9.8. 


A value of 6.8 was obtained by regressing total mercury data for 1 kg northern pike against that
from 8 to 10 cm yellow perch (Lindqvist, 1991).  The data are from 43 lakes and are remarkable for the
consistency of the relationship.   


A PPF  of 7.4 was calculated by comparing total mercury in 1 kg northern pike to total mercury4


in 5 to 10 g yellow perch (Meili et al., 1991).


Average concentrations of total mercury were calculated for largemouth bass and silversides in
Clear Lake, California (Suchanek, 1993).  The average PPF  estimated from these data was 7.1.   4


A PPF  of  2.75 was calculated from total mercury residues in lake trout (trophic level 4) and bloater 4


(trophic level 3) in Lake Michigan (Mason and Sullivan, 1997).


A PPF  of  3.42 was estimated from data on total mercury levels in predatory fish (pescada and tucunaré)4


and planktivores (mapará) in the Tucuruí reservoir in Brazil (Porvari, 1995).  


PPFs ranging from 3.52 to 6.72 were estimated for six Canadian Shield lakes from data on total mercury
levels reported by Bodaly et al. (1993).  The trophic level 4 fish were northern pike and walleye.  The
trophic level 3 fish were white sucker and cisco.  The overall average BAF was 5.06.


A PPF  of  5.63 was estimated from data on methylmercury levels for walleye and smallmouth bass4


feeding on gizzard shad and bluegill in Onondaga Lake, NY (Becker and Bigham, 1995).


Summary:


Predator-prey factors reflecting the increase in mercury concentration between trophic levels 3
and 4 range from 1 to 20 considering one-to-one species comparisons only.   The overall mean values
from any given water body is more in the range of 3 to 10, with a median of about 5.  Interpretation of
predator-prey factors is complicated by the fact that piscivorous fish accumulate mercury throughout
their lifetime; thus, calculation of this value for a given species and system depends to a large extent
upon the age of the fish sampled.  In addition, it is well known that the diet of a piscivorous fish changes
with age, tending in many cases to be dominated by invertebrates until fish reach a critical size that
allows them to prey efficiently upon small fish.  In general, therefore, the mercury concentration in prey
of a piscivorous fish can be expected to increase with the age or size of the predator.  Additional
considerations, including sexual reproduction, prey selection and availability and seasonal changes in
bioenergetics due to changes in water temperature are also likely to be important determinants of
bioaccumulation.


Overall, it can be shown that for most, if not all, piscivorous fish, mercury concentrations
increase in a nearly linear fashion with age.  The increase appears to be linear for younger fish but may
be closer to exponential for older fish (Monteiro et al., 1991).  The apparent exponential increase results
in ever increasing BAFs as fish get older and larger.  An exponential increase hypothesis is supported by
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regression analyses of the association of mercury concentration in fish and fish age or size in the
literature.  For those regressions based on the log of the mercury concentrations (Wren and
MacCrimmon, 1986; Monteiro et al., 1991; Kim, 1995; Monteiro et al., 1996), correlation coefficients
averaged 0.84 (r  = 0.7).  When the regression was based on the untransformed mercury concentrations 2


(Grieb et al., 1990; Lange et al., 1994; Kim, 1995; Porvari, 1995; Hoover et al., 1997), the correlation
coefficients averaged 0.54 (r  = 0.3). That is 70% of the variability in the logarithms of fish mercury2


concentrations for a given species is explained by the variability in fish age/size, while only 30% of the
variability is explained on an untransformed mercury concentration basis.  This result suggests a
multiplicative or exponential relationship.  For a given system, therefore, it is feasible to extrapolate data
for small predators to larger members of the same species.  The mix of species and size ranges in the diet
of a given piscivore would still be required in order to construct a receptor-specific distribution for more
accurate exposure estimation.  Only one of the studies described in this section presented specific diets
for piscivorous species (Mathers and Johansen, 1985).  


The values defining the empirical distribution for PPF  are given in Table D-4.  The GM and4


GSD of the values were 4.95 and 1.464, respectively.  The arithmetic mean and standard deviation were
5.29 and 2.04, respectively.  The lowest and highest values fall at the 4  and 96  percentiles,th th


respectively, in the empirical distribution. The median of the empirical distribution is 5.06.  The factors
contributing to the variability in PPFs were assumed to be multiplicative and best represented by a
lognormal distribution. The arithmetic mean of the resulting distribution was 5.32.  The empirical
distribution and PDF for PPF  is shown in Figure D-1.4
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Table D-4
Predator-Prey Factor for Trophic Level 4


Value TL4 Species TL3 Species Location Reference


2.75 lake  trout bloater L. Michigan
Mason and Sullivan,
1997


3.0 L. Tadenac, Ontario, Canada Wren et al., 1983
smallmouth bass, bluntnose minnow,
lake trout, n. pike rainbow smelt


3.42 pescada, tucunaré mapará Tucuruí Res., Brazil Porvari, 1995


3.5 35 lake aggregate, upper MI Grieb et al., 1990
northern pike, yellow perch, 
largemouth bass white sucker


3.6 northern pike L. Tyrif jorden, Norway Skurdal et al., 1985
rainbow smelt,
whitefish


4.0 n. pike, walleye L. Simcoe, Canada
specific weighted Mathers and
diets Johansen, 1985


5.0 lake trout (60 cm)
rainbow smelt (15 9 lake aggregate, Ontario, MacCrimmon et al.,
cm) Canada 1983


5.06 n. pike, walleye white sucker, cisco Bodaly et al., 1993
average of 6 Canadian
Shield lakes


5.22 walleye (age 5) yellow perch (age 2) 10 lake aggregate, WI Cope et al., 1990


5.63 Onondaga L., NY
smallmouth bass, gizzard shad, Becker and Bigham,
walleye bluegill 1995


6.8 northern pike (1 kg) y. perch (8-10 cm) 43 lake aggregate, Sweden Lindqvist, 1991


7.1 largemouth bass silversides Clear L., CA Suchanek et al., 1993


7.4 northern pike yellow perch 25 lake aggregate, Sweden Meili et al., 1991


9.8 n. pike, walleye Jackson, 1991
spottail shiner, 4 lake average, Manitoba,
yellow perch Canada
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Figure D-1.
Input Distribution for PPF 4


Mercury Speciation in Fish Tissues


Variable: fmmf
Definition: Fraction of total mercury in fish tissues existing as the methylated form.
Point Estimate: 1
Distribution: none


Technical Basis:


Bloom (1992) reported that virtually all (>95%) of the mercury in muscle tissues from
largemouth bass, yellow perch, northern pike and white suckers existed as methylmercury.  In addition,
the author suggested that lower values reported in earlier literature are probably erroneous due to
inadequate sampling, analytical and reporting techniques. In particular, even with the best analytical
methods, recovery of methylmercury is, at best, 95%, while recovery of total Hg can be virtually 100%. 
That is, any value greater than 0.9 is probably indistinguishable from 1.  Subsequent studies support a
value of >0.95 for this variable (Lasorsa and Allen-Gil, 1995; Akagi et al., 1995; Malm et al., 1995; Kim,
1995; Becker and Bigham, 1995). 


Summary:


Because of continued refinement in mercury analysis methods, more confidence should be placed
in recent values (see Bloom (1992) for a discussion of factors that can result in lower estimates than are
actually present).  Collectively, the most recent values suggest that the percentage of mercury in fish that
exists as the methylated form exceeds 95%.  Minor differences in reported values may be due the
different types of samples evaluated (e.g., whole fish vs. skin-on fillets vs. skin-off fillets), but are
unlikely to be important in the calculation of a BAF. fmmf was assigned a value of 1.0, as the
contribution of this variable to both the mean and variance of the BAF output was judged to be
negligible.
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D.3.2.3 Results of Probabilistic Analysis of the Modified GLWQI Methodology


Selected statistics for the BAF  and BAF  distributions generated from the Modified GLWQI3 4


methodology are given in Table D-5.  There was a large variability in the simulation output for both
BAFs as evidenced by the large GSDs.  The 90% confidence interval spans a 340-fold range for BAF3


and a 390-fold range for BAF .  The large variances also resulted in a large difference between the4


geometric and arithmetic means.


Table D-5
Statistics for BAFs Using the Modified GLWQI Methodology


 


BAF BAF3 4


Statistic


Geometric Mean 1,320,000 6,520,000


Arithmetic Mean 6,350,000 33,700,000


GSD 5.884 6.127


Percentiles:


5th 71,500 331,000


25th 399,000 1,920,000


50th 1,320,000 6,520,000


75th 4,360,000 22,100,000


95th 24,400,000 129,000,000


    


D.3.3 Estimation of a BAF for Methylmercury Using Measured Values for Trophic Level 3 and a4


Field-Derived Food Chain Multiplier


In this analysis a BAF for trophic level 4 was calculated using a field-derived BAF value for
trophic level 3 and published predator-prey factors for trophic level 4.  The distribution of BAFs for
trophic level 3 is presented along with the data from which it was derived.  The distribution of predator-
prey factors for trophic level 4 was defined previously in Section D.3.2.2.  All of the mercury in fish was
assumed to be  methylmercury  (see Section D.3.2.2).  Here, as is the case throughout the document,


BAF  and BAF  refer to the concentrations of methylmercury in fish divided by the concentration ofMD 3 MD 4


methylmercury in filtered water.


D.3.3.1 Bioaccumulation Factors Directly Estimated From Field Data - Methylmercury in Forage Fish


Variable: BAFMD 3


Definition: Average methylmercury concentrations in planktivorous fish (trophic level 3)
divided by average dissolved methylmercury concentrations in water,
accumulated by all possible routes of exposure.


Point Estimate: 1.6 x 10  L/kg6


Distribution: lognormal (GM = 1.58 x 10 ; GSD = 2.115)6
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Technical Basis:


A BAF  of 667,000 was estimated for gizzard shad from Onondaga Lake (NY) from dataMD 3


reported by Becker and Bigham (1995). The value was derived from an average concentration of 0.2 ppm
methylmercury in shad (age classes 3-4 years) and 0.3 ng/L (3 x 10  ppm) dissolved methylmercury in-7


the water. There is considerable uncertainty in this BAF estimate as water methylmercury concentrations
were determined for a single season (summer) only.


A BAF  of 1.46 x 10  for yellow perch from Lake Iso Valkjarvi in Finland was calculated fromMD 3
6


data reported by Rask and Verta (1995).  Concentrations of total mercury in perch averaged 0.15 ppm
over a 3-year period (1990-1993).  The mean concentration of dissolved methylmercury in the epilimnion
was 0.103 ng/L (1.03 x 10  ppm).  The water concentrations were determined on a single day (8/24/93). -7


All measurements were taken from the control basin of Iso Valkjarvi as the lake was partitioned for
experimental liming to control pH. 
 


BAF s for silversides and juvenile bass in Clear Lake (CA) were estimated from data tablesMD 3


providing cross-seasonal measurements for two years (Suchanek et al., 1993).  BAFs were estimatedMD


from matched fish (total mercury) and water (dissolved surface methylmercury) concentrations for each
measurement for this period across 4 lake areas and up to 5 sampling locations for each area.  The
average BAF  for silversides was 1.13 x 10  and for juvenile bass was 1.93 x 10 , with an overall meanMD 3


6 6


of 1.53 x 10 .6


A BAF  of 4.17 x 10  for bloater in Lake Michigan was calculated from data reported byMD 3
6


Mason and Sullivan (1997).  A two-seasonal average (August/October, 1994) of methylmercury in the
surface waters was calculated to be 0.0104 ng/L or 1.04 x 10  ppm (all methylmercury assumed to be-8


monomethylmercury).  The average concentration of methylmercury in bloater was calculated to be
0.0434 ppm (assuming that all the mercury was monomethylmercury). 


Summary:


Only two of the data points for BAF  incorporated cross-seasonal variability for waterMD 3


methylmercury concentrations and the fish species/age/size range was limited or undeterminable for most
of the studies.  The geometric mean of 1.58 x 10 , however, was still considered to be the best (unbiased)6


estimate of central tendency.  The values defining the empirical distribution for BAF  are given inMD 3


Table D-6.  The GM and GSD of the values were 1.58 x 10  and 2.115, respectively.  The arithmetic6


mean and standard deviation were 1.95 x 10  and 1.52 x 10 , respectively.  The lowest and highest values6 6


fall at the 12.5  and 87.5  percentiles, respectively, in the empirical distribution. The median of theth th


empirical distribution is 1.50 x 10 .  The factors contributing to the variability in BAFs were assumed to6


be multiplicative and best represented by a lognormal distribution.  Selected statistics for BAF  areMD 3


given in Table D-7.
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Table D-6
Bioaccumulation Factor for Methylmercury in Trophic Level 3 Fish


Value Species Location Reference


6.67 x 10 gizzard shad Onondaga L., NY Becker and Bigham, 19955


1.46 x 10 yellow perch Iso Valkjarvi, Finland Rask and Verta, 19956


1.53 x 10 silversides, juvenile bass Clear L., CA Suchanek et al., 19936


4.17 x 10 bloater L. Michigan Mason and Sullivan, 19976


Table D-7
Statistics for Methylmercury BAF :MD 3


Direct Estimate from Field Data


Statistic Value


Geometric Mean 1,580,000


Arithmetic Mean 2,090,000


GSD 2.115


Percentiles:


5th 461,000


25th 953,000


50th 1,580,000


75th 2,662,000


95th 5,410,000


D.3.3.2 Results of Probabilistic Simulation of BAF  Using Field-Derived BAF  and PPF  EstimatesMD 4 MD 3 4


The formula for the calculation of BAF  by this method is given in equation 3.MD 4


BAF  = BAF  x PPF (3)MD 4 MD 3 4


where


BAF is the field-derived distribution for the BAF at trophic level 3MD 3 MD


PPF is the predator-prey factor at trophic level 4 representing the biomagnification of mercury in4


piscivorous fish feeding on forage fish


Selected percentiles from the distribution of BAFs calculated by the analytic solution of
Equation 3 using lognormal distributions for field-derived BAF  (§D.3.3.1) and PPF  (§D.3.2.2)MD 3 4


estimates are given in Table D-8.  
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Table D-8
Statistics for Methylmercury BAFMD 4


 Estimated from BAF  x PPFMD 3 4


Statistic Value


Geometric Mean 4,820,000


Arithmetic Mean 11,100,000


GSD 2.317


Percentiles:


5th 1,960,000


25th 4,440,000


50th 7,820,000


75th 1,380,000


95th 31,100,000


D.3.4 Specification of a Distribution for BAF  Directly Derived from Field DataMD 4


D.3.4.1 Bioaccumulation Factors Directly Estimated From Field Data - Methylmercury in Piscivorous
Fish


Variable: BAFMD 4


Definition: Average methylmercury concentrations in piscivorous fish (trophic level 4)
divided by average dissolved methylmercury concentrations in water,
accumulated by all possible routes of exposure.


Point Estimate: 6.8 x 10  L/kg6


Distribution: lognormal (GM = 6.81 x 10 ; GSD = 1.564)6


Technical Basis:


A BAF  of 4 x 10  was reported by Becker and Bigham (1995) for methylmercury inMD 4
6


piscivores from Onondaga Lake (NY).  The piscivorous species included smallmouth bass (age classes 6-
9 years) and walleye (age classes not given). There is considerable uncertainty in this BAF estimate as
water methylmercury concentrations were determined for a single season (summer) only.


A BAF  of 5.86 x 10  was estimated for walleye and northern pike from four lakes in theMD 4
6


Manitoba Province of Canada from data reported by Jackson (1991).  Fish and water methylmercury
concentrations were estimated from Figures 2 and 3 (in Jackson, 1991).  The BAF is an average of BAFs
ranging from 4.0 x 10  to 7.0 x 10  across the four lakes.  An average was used to avoid over6 6


representation of this one area outside the continental U.S.  Mean lengths, only, were reported for
walleye (37-46 cm) and northern pike (55-71 cm).  Fish sample collection was in 1980 and dissolved
methylmercury concentrations were determined in June, 1981.  As a result, this BAF estimate shouldMD


be considered to be a minimum value (downward bias arising from pre-1990 analytical methods) and
highly uncertain (no cross-seasonal average).


A BAF  for largemouth bass in Clear Lake (CA) was estimated from data reported byMD 4


Suchanek et al. (1993).  In this case, fish mercury concentrations (total mercury) were estimated from
figures showing fish mercury levels versus fish weight for each of three lake areas.  Mercury
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concentrations were averaged for all fish of 450 grams or higher, ranging up to 4200 grams, suggesting
that a broad range of year classes was represented.  The average fish mercury levels in each lake area
were divided by average dissolved methylmercury concentrations in the surface waters for the same area.
The water methylmercury concentrations, in each case, were averaged across seasons over a two year
period. 


A BAF  of 1.14 x 10  for lake trout in Lake Michigan was calculated from data reported byMD 3
7


Mason and Sullivan (1997).  A two-seasonal average (August/October, 1994) of methylmercury in the
surface waters was calculated to be 0.0104 ng/L or 1.04 x 10  ppm (all methylmercury assumed to be-8


monomethylmercury).  The average concentration of methylmercury in lake trout was calculated to be
0.1186 ppm (assuming that all the mercury was monomethylmercury). 


Summary:


Only two of the data points for BAF  incorporated cross-seasonal variability for waterMD 4


methylmercury concentrations and the fish species/age/size range was limited or undeterminable for most
of the studies.  The geometric mean of 6.81 x 10 , however, was still considered to be the best (unbiased)6


estimate of central tendency.  The values defining the empirical distribution for BAF  are given inMD 4


Table D-9. The GM and GSD of the values were 6.81 x 10  and 1.564, respectively.  The arithmetic mean6


and standard deviation were 7.33 x 10  and 3.18 x 10 , respectively.  The lowest and highest values fall at6 6


the 12.5  and 87.5  percentiles, respectively, in the empirical distribution. The median of the empiricalth th


distribution is 6.96 x 10 .  The factors contributing to the variability in BAFs were assumed to be6


multiplicative and best represented by a lognormal distribution.  Selected statistics for BAF  are givenMD 4


in Table D-10.


Table D-9
Bioaccumulation Factors for Methylmercury in Trophic Level 4 Fish


Value Species Location Reference


4.00 x 10 Onondaga L., NY Becker and Bigham, 19956 smallmouth bass,
walleye


5.86 x 10 northern pike, walleye 4 lake average, Manitoba, Can. Jackson, 19916


8.06 x 10 largemouth bass Clear L., CA Suchanek et al., 19936


1.14 x 10 lake trout L. Michigan Mason and Sullivan, 19977
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Table D-10
Statistics for Field-Derived BAFMD 4


Statistic Value


Geometric Mean 6,810,000


Arithmetic Mean 7,530,000


GSD 1.564


Percentiles:


5th 3,260,000


25th 5,040,000


50th 6,810,000


75th 9,210,000


95th 14,200,000


D.3.5 Specification of BAF Distributions Based on Dissolved Total Mercury


D.3.5.1 Bioaccumulation Factors Directly Estimated From Field Data - Total Dissolved Mercury in
Forage Fish


Variable: BAFTD 3


Definition: Average total mercury concentrations in forage fish (trophic level 3) divided by
average dissolved total mercury concentrations in water, accumulated by all
possible routes of exposure.


Point Estimate: 1.2 x 10  L/kg5


Distribution: lognormal (GM = 1.19 x 10 ; GSD = 1.531)5


Technical Basis:


BAF s for silversides and juvenile bass in Clear Lake (CA) were estimated from data tablesTD 3


providing cross-seasonal measurements for two years (Suchanek et al., 1993).  BAFs were estimatedMD


from matched fish (total mercury) and water (dissolved surface total mercury) concentrations for each
measurement for this period across two lake areas and up to five sampling locations for each area.  The
Oaks Arm total mercury measurements were excluded from the analysis as this area of the lake was the
site of the point-source for mercury contamination (chlor-alkali plant); total mercury levels were
anomalously high in this area (5 times that of other lake areas) and were judged not to be representative. 
The combined average BAF  for silversides and juvenile bass was 76,000.TD 3


A BAF  of 76,000 was estimated for gizzard shad from Onondaga Lake (NY) from dataTD 3


reported by Becker and Bigham (1995) and Henry et al. (1995). The value was derived from an average
concentration of 0.2 ppm mercury in shad (age classes 3-4 years; Becker and Bigham, 1995) and 2.625
ng/L dissolved total mercury in the water (Henry et al., 1995).  The water concentration represents an
average across three seasons (spring, summer and fall) for an entire year.


A BAF  of 113,000 for yellow perch from Lake Iso Valkjarvi (control basin) in Finland wasTD 3


calculated from data reported by Rask and Verta (1995).  Concentrations of total mercury in perch
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averaged 0.15 ppm over a 3-year period (1990-1993).  The mean concentration of dissolved total mercury
in the epilimnion was 1.33 ng/L.  The water concentrations were based on three observations on a single
day (8/24/93). 
 


A BAF  of 212,000 for bloater in Lake Michigan was calculated from data reported by MasonTD 3


and Sullivan (1997).  A two-year (1994, 1995) three-season (spring, summer, fall) average of dissolved
total mercury in the surface waters was calculated to be 0.2 ng/L.  The average concentration of total
mercury in bloater was calculated to be 0.0434 ppm. 


Summary:


All but one of the data points for BAF  incorporated cross-seasonal variability for waterTD 3


mercury concentrations but the fish species/age/size ranges were somewhat limited.  Overall, the data,
although meager,  were somewhat more representative of the definition for this variable than for BAF . MD 3


The values defining the empirical distribution for BAF  are given in Table D-11. The GM and GSD ofMD 4


the values were 1.19 x 10  and 1.531, respectively.  The arithmetic mean and standard deviation were5


1.28 x 10  and 5.87 x 10 , respectively.  The lowest and highest values fall at the 12.5  and 87.55 4 th th


percentiles, respectively, in the empirical distribution. The median of the empirical distribution is 1.11 x
10 .  The factors contributing to the variability in BAFs were assumed to be multiplicative and best5


represented by a lognormal distribution.  Selected statistics for BAF  are given in Table D-12.TD 3


Table D-11
Bioaccumulation Factor for Dissolved Total Mercury in Trophic Level 3 Fish


Value Species Location Reference


7.60 x 10 gizzard shad Onondaga L., NY4 Becker and Bigham, 1995;
Henry et al., 1995


1.09 x 10 silversides, juvenile bass Clear L., CA Suchanek et al., 19935


1.13 x 10 yellow perch Iso Valkjarvi, Finland Rask and Verta, 19955


2.12 x 10 bloater L. Michigan Mason and Sullivan, 19975
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Table D-12
Statistics for Field-Derived BAFTD 3


Statistic Value


Geometric Mean 119,000


Arithmetic Mean 130,000


GSD 1.531


Percentiles:


5th 59,100


25th 89,300


50th 119,000


75th 159,000


95th 240,000


D.3.5.2 Bioaccumulation Factors Directly Estimated From Field Data - Total Dissolved Mercury in
Piscivorous Fish


Variable: BAFTD 4


Definition: Average total mercury concentrations in Piscivorous fish (trophic level 4)
divided by average dissolved total mercury concentrations in water, accumulated
by all possible routes of exposure.


Point Estimate: 5.0 x 10  L/kg5


Distribution: lognormal (GM = 4.96 x 10 ; GSD = 1.181)5


Technical Basis:


A BAF  of 4.19 x 10  was estimated for piscivores (smallmouth bass and walleye) in OnondagaTD 4
5


Lake (NY) from data reported by Becker and Bigham (1995) and Henry et al. (1995). The value was
derived from an average concentration of 1.1 ppm mercury in piscivores (Becker and Bigham, 1995) and
2.625 ng/L dissolved total mercury in the water (Henry et al., 1995;  see D.3.5.1). 


A BAF  of 5.0 x 10  for largemouth bass in Clear Lake (CA) was estimated from data reportedTD 4
5


by Suchanek et al. (1993).  Estimation of fish mercury concentrations was described in D.3.4.1,
previously.  The average fish mercury levels in each of two lake areas were divided by average dissolved
total mercury concentrations in the surface waters (see D.3.5.1) for the same area.


A BAF  of 5.84 x 10   for lake trout in Lake Michigan was calculated from data reported byTD 4
5


Mason and Sullivan (1997).  A two-year (1994, 1995) three-season (spring, summer, fall) average of
dissolved total mercury in the surface waters was calculated to be 0.2 ng/L.  The average concentration of
total mercury in trout was calculated to be 0.1186 ppm. 


Summary:


Only three studies were available for the estimation of BAF .  All of the data points, however,TD 4


incorporated cross-seasonal variability for water mercury concentrations.  The fish species/age/size range
was undertminable for one study (Mason and Sullivan, 1997) but fairly representative for the other two. 
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Overall, the data, although meager,  were more representative of the definition for this variable than for
BAF .  The values defining the empirical distribution for BAF  are given in Table D-13. The GMMD 4 TD 4


and GSD of the values were 4.96 x 10  and 1.181, respectively.  The arithmetic mean and standard5


deviation were 5.01 x 10  and 8.25 x 10 , respectively.  The lowest and highest values fall at the 16.75 4 th


and 83.3  percentiles, respectively, in the empirical distribution. The median of the empirical distributionth


is 5.00 x 10 .  The factors contributing to the variability in BAFs were assumed to be multiplicative and5


best represented by a lognormal distribution.  Selected statistics for BAF  are given in Table D-14.TD 4


Table D-13
Bioaccumulation Factor for Dissolved Total Mercury in Trophic Level 4 Fish


Value Species Location Reference


4.19 x 10 smallmouth bass, walleye Onondaga L., NY5 Becker and Bigham, 1995;
Henry et al., 1995


5.00 x 10 largemouth bass Clear L., CA Suchanek et al., 19935


5.84 x 10 lake trout L. Michigan Mason and Sullivan, 19975


Table D-14
Statistics for Field-Derived BAFTD 4


Statistic Value


Geometric Mean 496,000


Arithmetic Mean 503,000


GSD 1.181


Percentiles:


5th 377,000


25th 422,000


50th 496,000


75th 555,000


95th 652,000


D.3.6 Estimation of Methylmercury BAF for Trophic Level 4 from Distributions Based on Total
Mercury


BAFs for methylmercury in piscivorous fish (trophic level 4) were estimated from the BAF  and3


BAF  distributions based on dissolved total mercury.  The estimation of BAF  from BAF  required a4 MD 4 TD 4


second distribution that estimated the fraction of dissolved total mercury in the water column
(epilimnion) that is in the methylated form (fmmw ).  The estimation of BAF  from BAF  requiredE MD 4 TD 3


the same additional distribution and a third distribution, PPF .  In both cases, BAF  was estimated by4 MD 4


means of a Monte Carlo simulation, as there was no analytical solution (fmmw was defined as a betaE 


distribution).


D.3.6.1 Speciation of Mercury in the Water Column
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Mercury Speciation in the Epilimnion


Variable: fmmwE


Definition: Fraction of total dissolved mercury in the epilimnion existing as the methylated
species


Point Estimate: 0.078 (unitless)
Distribution: beta (� = 5.07; � = 56.3)


The values defining the empirical distribution for fmmw  are given in Table D-15.  The betaE


distribution was chosen as best representative of fractions.  The distribution was fitted by the method of
moments.  The point estimate is the median of the resulting distribution.  The empirical distribution and
PDF for fmmw  is shown in Figure D-2E


Table D-15
Methylmercury as a Fraction of Total Dissolved Mercury in the Epilimnion


Value Location Reference


0.046 Pallette L., WI Bloom et al., 1991


0.054 Oregon Pond, NY Driscoll et al., 1995


0.059 Lake Michigan Mason and Sullivan, 1997


0.089 Clear L., CA Suchanek et al., 1993


0.089 Onondaga L., NY Henry et al., 1995


0.092 Iso Valkjarvi, Finland Rask and Verta, 1995


0.15 22 lake aggregate, WI Watras et al., 1995a, 1995b
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Figure D-2
Distribution for  fmmwE


D.3.6.2 Simulation of a Methylmercury BAF  from a Total Mercury BAF4 4


The formula for the methylmercury BAF  based on BAF  and fmmw  is given in Equation 4.4 TD 4 E


BAF  = BAF  ÷  fmmw (4)MD 4 TD 4 E


The formula for the methylmercury BAF  based on BAF , PPF  and fmmw  is given in4 TD 3 4 E


Equation 5.


BAF  = BAF  x PPF  ÷  fmmw (5)MD 4 TD 4 4 E


Results of the Monte Carlo simulations (100,000 iterations) for these equations are shown in
Table D-16.  The BAF  based on BAF  (GSD = 1.614) was only slightly more variable than theMD 4 TD 4


directly estimated BAF  (GSD = 1.564), largely because of the low variance of BAF , itself.  ThisMD 4 TD 4


result may reflect the greater uncertainty in the direct BAF  estimate arising from the more uncertainMD 4


methylmercury water concentrations, or it may just reflect the large variability in GSD estimates from
such small sample sizes.  The variability of BAF  based on BAF  (GSD = 2.067) was intermediate toMD 4 TD 3


the variabilities in the direct BAF  estimate and BAF  based on BAF x PPF  (GSD = 2.317).MD 4 MD 4 MD 3   4
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Table D-16
Statistics for Methylmercury BAFs Estimated from Total Mercury BAFs


 


Method


Statistica BAF  ÷  fmmw BAF  x PPF  ÷ TD 4 E TD 3 4


fmmwE


Geometric Mean 6,580,000 7,810,000


Arithmetic Mean 7,440,000 10,200,000


GSD 1.614 2.067


Percentiles:


5th 3,180,000 2,430,000


25th 4,710,000 4,750,000


50th 6,370,000 7,700,000


75th 8,860,000 12,600,000


95th 15,200,000 26,400,000


 statistics based on 100,000 iterationsa


Both of these output distributions were closely approximated by lognormal distributions, which
were fitted by the method of moments.  The Monte Carlo simulation output and the fitted distributions
for methylmercury BAF s based on BAF  and BAF  are shown in Figures D-3 and D-4, respectively.4 TD 4 TD 3


Figure D-3
BAF  Distribution Based on BAFMD 4 TD 4
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Figure D-4
BAF  Distribution Based on BAFMD 4 TD 3


D.3.7 Sensitivity Analysis


The focus of the sensitivity analysis was on the primary method for BAF estimation, that is,
direct estimation from field data.  The impact of the assumption that BAFs were lognormally distributed
was examined by assigning normal (Gaussian) distributions to the variables and comparing the outputs. 
Normal distributions were fit to the BAF  and BAF  field data (Tables D-7 and D-10, respectively)MD 3 MD 4


by the method of moments.   A comparison of  the normal and lognormal distributions for each variable
is given in Table D-11.  BAF values for the percentiles at the empirical distribution extremes were also
calculated for comparison to the actual observations.  The normal distribution for BAF  was similar toMD 4


the lognormal; the primary difference was the slightly higher median for the distribution in normal form. 
The negative 5  percentile outcome for BAF  illustrated a common problem when assigning normalth


MD 3


distributions to variables that have a lower bound of zero; a truncated form of the distribution must be
used to give meaningful results.  Otherwise, the median and 95th percentile for the normal form of


BAF  were only slightly higher than for the lognormal form.  The lognormal forms allow for slightlyMD 3


larger values in the upper tails of the distributions.  The empirical extremes match the lognormal
distributions slightly better than the normal forms.
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Table D-17
Comparison of  Lognormal and Normal (Directly Estimated) BAF DistributionsMD


BAF BAFMD 3 MD 4


Percentile
lognormal normal lognormal normala b c d


5th 461,000 (-545,000) 3,260,000 2,100,000


12.5th 667,000 205,000 4,070,000 3,670,000e


50th 1,580,000 1,950,000 6,810,000 7,330,000


87.5th 3,740,000 3,700,000 11,400,000 11,000,000f


95th 5,410,000 4,450,000 14,200,000 12,600,000


 GM = 1.58 x 10 , GSD = 2.115a 6


 mean = 1.95 x 10 , std. dev. = 1.517 x 10b 6 6


 GM = 6.81 x 10 , GSD = 1.564c 6


 mean = 7.33 x 10 , std. dev. = 3.181 x 10d 6 6


 100 x (1 - (n - 0.5)/n), n = 4e


 100 x (n - 0.5)/n, n = 4f


D.3.8 Selection of Bioaccumulation Factors for Trophic Levels 3 and 4


As all of the BAF distributions in this analysis dealt with estimates for a randomly-selected
single water body, independent of any other water body, the central-tendency estimate was given as the
median (equivalent to the geometric mean for lognormal distributions).  That is, the median represents
equal likelihood that the lake-specific BAF will greater or less than the chosen value and is most
appropriate when sampling only once from the distribution.  The overall average (arithmetic mean)
would be useful only in the case when fish were consumed equally by a receptor from all of the lakes in
the analysis.  That is, the mean value better reflects actual exposure when repeatedly sampling from the
same distribution.   If a similar analysis would be conducted for a narrowly-defined region, where fish
consumption across several lakes would be a reasonable scenario, the average BAF across those water
bodies would be more appropriate


Bioaccumulation factors for trophic level 3 estimated using each of the two previously described
methods are given in Table D-17.  Bioaccumulation factors for trophic level 4 estimated using each of the
five previously described methods are given in Table D-18.  These factors are meant to be applied when
appropriate local site data do not exist.  For a particular site of concern,  BAFs derived from data
collected at the site are preferred to the estimated values in Tables D-18 and D-19.  Median BAF
estimates are within 20% irrespective of the method used.  The similarity of the direct and GLWQI
estimates is somewhat surprising, given the greater number of variables  for the GLWQI approach and
the relative independence of the data sets.  The much greater variability of the results from the GLWQI
approach than those from the direct BAF derivation, however, is expected.  As an example, the GSD of
6.13 for the GLWQI BAF  reflects a 17-fold greater variance than the GSD of 1.56 for the directMD 4


estimate of BAF  from field data.  The result is a 90% confidence interval for the GLWQI BAF  thatMD 4 MD 4


is 90 times wider than that for the direct estimate of BAF .  The BAF  derived from BAF  andMD 4 MD 4 MD 3


PPF  estimates is also more variable, with a 90% confidence interval that is about three times wider than4


for the direct estimate of BAF .  A graphical representation of the BAF  distributions for the directMD 4 MD 4
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estimate and the two most divergent estmates is provided in Figure D-5.  The vertical line represents the
recommended value for BAF .MD 4


Most of the data for estimating BAFs are from studies of northern oligotrophic water bodies.
These freshwater systems are all similar, in that they are at risk due to acid deposition and that, by virtue
of average temperature, etc., support similar fish assemblages (typically northern pike, walleye, yellow
perch and spottail shiners).  This has the potential to create two possible problems of interpretation.


1) Because data from such systems tend to look similar, it would be easy to
overlook relationships that would be important under a different set of
circumstances.


2) The relative abundance of these data introduce a regional bias into any type of
analysis that is intended for nationwide application.


The one exception, Clear Lake, CA (Suchanek et al., 1993), however, provides BAF estimates for bothMD


trophic levels that are similar to the central tendency estimates for all lakes combined.  Clear Lake is
warm, highly eutrophic, and receives considerable agricultural runoff from nearby orchards and
vineyards.  Lacking any corroborating information, it is not possible to determine how representative the
Clear Lake data are of warm water systems generally.  Clearly, however, there is a need for additional
residue data collected from a broader spectrum of freshwater systems.


Table D-18
Summary of Methylmercury Bioaccumulation Factors for Trophic Level 3


(BAF values in units of L/kg)


Recommended 1,600,000
Value


Method Direct Estimate Modified GLWQI


5  pctl 461,000 7,000th


50  pctl 1,580,000 1,320,000th


95  pctl 5,410,000 24,400,000th


GSD 2.152 5.884
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Table D-19
Summary of Methylmercury Bioaccumulation Factors for Trophic Level 4


(BAF values in units of L/kg)


Recommended 6,800,000
Value


Method Direct Estimate BAF  ÷ BAF  x PPF  BAF  x PPF ModifiedTD 4


fmmw ÷  fmmw GLWQIE


MD 3 4 TD 3 4


E


5  pctl 3,260,000 3,180,000 1,960,000 2,430,000 330,000th


50  pctl 6,810,000 6,370,000 7,820,000 7,700,000 6,520,000th


95  pctl 14,200,000 15,200,000 31,100,000 26,400,000 129,000,000th


GSD 1.564 1.614 2.317 2.067 6.127


Figure D-5
BAF  DistributionsMD 4


As stated previously, BAFs derived from data collected at the site are preferred to the estimated
values in Tables D-18 and D-19.  Otherwise, given the large differences in the variances of the
distributions, BAFs estimated by the direct method are preferred over BAFs calculated using the
modified GLWQI methodology.  The median BAF values estimated using the direct approach areMD


therefore recommended for subsequent calculation of a WC for methylmercury (Volume VI) and for an
evaluation of human exposure due to consumption of contaminated fish (Volume IV).  The recommended


BAFs for methylmercury are 1.6 x 10  L/kg for trophic level 3 and 6.8 x 10   L/kg for trophic level 4.   MD
6 6
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D.3.9 Discussion of Uncertainty and Variability in the BAF


The BAF distributions were designed to estimate an average concentration of methylmercury in
fish of a given trophic level from an average concentration of dissolved methylmercury in the epilimnion
for a (single) randomly-selected lake in the continental U.S.  In the overall mercury fate and exposure
model, the input (water concentrations) to this distribution represented an annual average, aggregating
variability in methylmercury concentrations in the epilimnion over an entire year and the output (fish
concentrations) represented the average methylmercury concentration in the diet of a specific receptor. 
Available data were inadequate to satisfy these representations fully.  In most cases, water
methylmercury concentrations incorporated limited or no cross-seasonal variability.  Also, fish diets for
specific receptors have not been determined.  For this analysis a generic receptor was assumed and was
approximated by including a large range of fish age or size classes whenever possible.  Also, because of
the general paucity of appropriate data, many studies on lakes in other countries were included in the
analysis; biotic and abiotic processes in these lakes were assumed to be similar to lakes in the continental
U.S.  These limitations introduced additional uncertainty in the BAF output that was not quantified in
this analysis.  


Except as will be discussed, there were no distinctions in the BAF distributions as to size of fish,
lake trophic status, lake pH, or relative methylmercury concentrations in the water column.  The data,
however, are heavily biased towards northern oligotrophic lakes and somewhat towards smaller
(younger) fish.  There was also no distinction made between variability and uncertainty in the BAF  and3


BAF  distributions; they are aggregated in the output.  Thus, from this analysis, it cannot be determined4


where natural variability stops and uncertainty starts.  The distributions do, however, provide a rough
estimate of the total uncertainty in the aggregate processes and an idea of the precision (or lack thereof)
of these types of estimates.


The large amount of variability evidenced by the data and reflected in the output distributions
arises from several sources, which have not yet been quantified.  A primary source of variability in both
BAF  and PPF  is the dependence of methylmercury bioaccumulation on the age of the fish as discussed3 4


in Section D-3.2.2 (PPF ).  Reported BAF values for a given species will, therefore, vary as a function of4


the ages of the animals examined.  As a result, some researchers have suggested that comparisons
between lakes should be made using "standardized" fish values (i.e., a value for a hypothetical 1 kg
northern pike), typically derived by linear regression of residue data collected from individuals of
varying size and/or age (see discussion in Section D-3.2.2).  The available data, however, are too limited
to allow for this kind of analysis.  The distributions derived in this appendix include both “standardized”
comparisons and those based on “opportunity” (whatever you catch, you include).


Perhaps the greatest source of variability is that of model uncertainty, that is, uncertainty
introduced by failure of the model to account for significant real-world processes.  The simple linear
BAF model relating methylmercury in fish to total mercury in water masks a number of nonlinear
processes leading to the formation of bioavailable methylmercury in the water column.  Much of the
variability in field data applicable to the estimation of mercury BAFs can be attributed to differences
between aquatic systems.  As an example, in lake surveys conducted within a relatively restricted
geographic region, large differences can exist between lakes with respect to mercury concentrations in a
given species of fish (Cope et al., 1990; Grieb et al., 1990; Sorenson et al., 1990; Jackson, 1991; Lange et
al., 1993).  These observations have led to the suggestion that much of this variability is due to
differences in within-lake processes that determine the percentage of total mercury that exists as the
methylated form.  Limited data also indicate that within a given water body concentrations of
methylmercury are likely to vary with depth and season.  Unfortunately, while the concentration of
methylmercury in fish flesh is presumably a function of these varying concentrations, published BAFs
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are generally estimated from a small number of measured water values, the representativeness of which is
poorly known.


D.4 Other Variables Concerning the Form of Mercury in the Water Column


Two other variables are presented in this section that are not used in the calculation of mercury
BAFs , but are referred to in other parts of Volume III.  Those variables are 1) the fraction of dissolved
total mercury in the hypolimnion that is methylmercury and 2) the fraction of total methylmercury in the
water column that is dissolved. 


D.4.1 Fraction of Methylmercury in the Hypolimnion


Mercury Speciation in the Hypolimnion


Variable: fmmwH


Definition: Fraction of total dissolved mercury in the hypolimnion existing as the methylated
species


Point Estimate: 0.36 (unitless)
Distribution: beta (� = 11.0; � = 19.6)


The values defining the empirical distribution for fmmw  are given in Table D-20.  The betaH


distribution was chosen as best representative of fractions.  The distribution was fitted by the method of
moments.  The point estimate is the median of the resulting distribution. 


Table D-20
Methylmercury as a Fraction of Total Dissolved Mercury in the Hypolimnion


Value Location Reference


0.27 Iso Valkjarvi, Finland Rask and Verta, 1995


0.37 Pallette L., WI Bloom et al., 1991


0.44 Onondaga L., NY Henry et al., 1995


D.4.2 Fraction of Dissolved Methylmercury in the Water Column


Variable: fdmw
Definition: Fraction of total methylmercury in the epilimnion that is dissolved
Point Estimate: 0.69 (unitless)
Distribution: beta (� = 2.55; � = 1.29)


The values defining the empirical distribution for fdmw are given in Table D-21.  The beta
distribution was chosen as best representative of fractions.  The distribution was fitted by the method of
moments.  The point estimate is the median of the resulting distribution and is identical to the median of
the empirical distribution.  The empirical distribution and PDF for fdmw is shown in Figure D-6
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Table D-21
Dissolved Methylmercury as a Fraction of Total Methylmercury in the Epilimnion


Value Location Reference


0.303 Vandercook Lake, WI Bloom et al., 1991


0.353 Onondaga Lake, NY Henry et al., 1995


0.577 Pallette Lake, WI Bloom et al., 1991


0.60 Lake Hako, Finland Verta and Matilainen, 1995


0.667 Little Rock Lake, WI Bloom et al., 1991


0.72 Max Lake, WI Bloom et al., 1991


0.762 Lake Michigan Mason and Sullivan, 1997


0.79 Lake Iva, Finland Verta and Matilainen, 1995


0.82 Lake Keha, Finland Verta and Matilainen, 1995


1.02 Clear Lake, CA Suchanek et al., 1993


Figure D-6
Distribution for  fdmw
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1. INTRODUCTION


Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, requires the U.S.
Environmental Protection Agency (U.S. EPA) to submit a study on atmospheric mercury emissions to
Congress.  The sources of emissions that must be studied include electric utility steam generating units,
municipal waste combustion units and other sources, including area sources.  Congress directed that the
Mercury Study evaluate many aspects of mercury emissions, including the rate and mass of emissions,
health and environmental effects, technologies to control such emissions and the costs of such controls.


In response to this mandate, U.S. EPA has prepared an eight-volume Mercury Study: Report to
Congress.  The seven volumes are as follows:


I. Executive Summary
II. An Inventory of Anthropogenic Mercury Emissions in the United States
III. Fate and Transport of Mercury in the Environment
IV. An Assessment of Exposure to Mercury in the United States
V. Health Effects of Mercury and Mercury Compounds
VI. An Ecological Assessment for Anthropogenic Mercury Emissions in the United States
VII. Characterization of Human Health and Wildlife Risks from Mercury Exposure in the


United States
VIII. An Evaluation of Mercury Control Technologies and Costs


Risk characterization is the last step of the risk assessment process as originally described by the
National Academy of Sciences (NAS, 1983) and adopted by U.S. EPA (U.S. EPA, 1984, 1992).  This
step evaluates assessments of human health and ecological effects, identifies human subpopulations or
wildlife species at elevated risk from mercury, assesses exposures from multiple environmental media,
and describes the uncertainty and variability in these assessments.


In March, 1995, the Administrator of U.S. EPA issued the Policy for Risk Characterization at the
U.S. Environmental Protection Agency reaffirming the principles and guidance found in the Agency's
1992 policy Guidance on Risk Characterization for Risk Managers and Risk Assessors.  The purpose of
this policy statement was to ensure that critical information from each stage of a risk assessment be
presented in a manner that provides for greater clarity, transparency, reasonableness, and consistency in
risk assessments.  Most of the 1995 Policy for Risk Characterization at the U.S. EPA was directed
toward assessment of human health consequences of exposures to an agent.  This guidance refers to an
ongoing parallel effort by the Risk Assessment Forum to develop U.S. EPA ecological risk assessment
guidelines that will include guidance specific to ecological risk characterization.  The 1995 Policy for
Risk Characterization at the U.S. EPA makes reference to the use of data from wildlife species in
assessing the consequences of exposure to an agent through environmental media.


Key aspects of risk characterization identified in the 1995 Policy for Risk Characterization at the
U.S. EPA include these:  bridging risk assessment and risk management, discussing confidence and
uncertainties and presenting several types of risk information.  Risk characterization is the summarizing
step of the risk assessment process.  In this volume of the Report, information from the three preceding
components of risk assessment are summarized, and an overall conclusion about risk is synthesized that
is complete, informative, and useful for decision-makers.  One aim of the process is to highlight clearly
both the confidence and the uncertainty associated with the risk assessment.  The risk characterization
conveys the assessor's judgment regarding the nature and existence (or lack of) human health or
ecological risks that accompany exposures to an agent.
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Integration of multiple elements of risk assessment for both human health or ecological impacts
is a complex process that is intrinsically nonsequential.  Assessment of the likelihood of hazard depends
on the magnitude of exposure to human or wildlife species, which requires an understanding of dose-
response relationships.  For an element such as mercury, which can exist in multiple valence states and
numerous chemical compounds, risk characterization requires a broad-based, holistic approach to the risk
assessment process.  This holistic approach encompassing human health and ecological hazard
assessments, as well as analysis of exposures, has been described in greater detail (Harvey et al., 1995).


In this Report, three species of mercury are considered:  elemental (Hg ), inorganic or mercurico


mercury (Hg ), and methylmercury.  The assessment of exposure pathways consequent to emissions of2+


mercury from anthropogenic sources indicates that the major exposure to both humans and wildlife is to
organic mercury (largely methylmercury) in fish.  A quantitative assessment of risk of mercury exposure
to both humans and wildlife has been determined for three subpopulations of humans and for
representative piscivorous avian and mammalian wildlife species.  Assessments were made of all three
forms of mercury for potential human health effects; because exposure to humans is likely to be as
ingested methylmercury, that form is emphasized in this volume.  Estimated Lowest Observed Adverse
Effects Levels (LOAELs) and No Observed Adverse Effect Levels (NOAELs) and water criteria for
wildlife were limited to methylmercury.  These assessments were drawn from exposure modeling and
doses of mercury associated with adverse health effects.
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2. HUMAN HEALTH EFFECTS:  HAZARD IDENTIFICATION AND DOSE-RESPONSE


2.1 Health Hazards Associated with Mercury Exposure


The three forms of mercury considered in this Report (mercury vapor, divalent inorganic
mercury, and methylmercury) are characterized by somewhat different health endpoints for human health
risk assessment.  All three chemical species of mercury have been associated with adverse human health
effects, and human and animal data on all three forms of mercury indicate that systemic toxic effects
(rather than cancer or germ cell mutagenicity) are most likely to occur in humans as a consequence of
environmental exposures.  Available information on health endpoints relevant to human health risk
assessment is described in Volume V.  A brief characterization of endpoints other than systemic toxicity
is given in Chapter 2 of Volume V. 


Data are insufficient to support comparisons of innate toxicity among the three forms of mercury. 
Human data adequate for quantitative dose-response assessment have not been reported for inorganic,
divalent mercury.  The RfD for inorganic mercury is within a factor of 3 of the RfD for methylmercury;
the RfD for inorganic mercury, however, includes a large uncertainty factor (1,000).  Furthermore, the
extent to which the endpoints for inorganic and methylmercury are comparable (based on either the
severity or sensitivity) is unknown.  The RfD for methylmercury and the RfC for inhaled elemental
mercury were both based on observation of neurotoxicity (from exposure in adults for elemental mercury
and from exposure in utero for methylmercury).  The two quantitative risk estimates are an RfD of 1x10-4


mg/kg-day for methylmercury and an RfC of 3x10  mg/m  for elemental mercury.  In order to compare-4 3


the toxic potency implied by these values, some conversion to internal dose appropriate to the route of
exposure would be necessary.  This has not been done for this Report.


Assessment of health end-points, dose-response and exposure suggests that methylmercury is the
chemical species of major concern.  Methylmercury is the chemical species of greatest concern because
of the fate and transport of mercury to water bodies and sediments with subsequent bioaccumulation of
methylmercury in the aquatic food-web.  In short, the exposure assessment in this Report (as well as
other exposure assessments) indicates that most human exposure is likely to be due to methylmercury in
food, primarily fish.  Fish-eating wildlife will also be exposed in the main to methylmercury.


Adverse effects on the nervous system and reproduction are the predominant effects of
methylmercury exposure on humans and several wildlife species.  In multiple species, the neurological
effects of methylmercury exposure are mainly on the motor and sensory systems, especially in the areas
of sensory-motor integration.  The type of information available differs markedly across species resulting
in gross disparity in the severity of the hazard.  For example, marked incoordination in gait (ataxia) is the
most sensitive endpoint identified in previous research on methylmercury toxicity in mink.  By contrast,
human subjects can identify altered sensory perception (such as paresthesia), a much more subtle
indicator of neurological effect.  Nonetheless, the consistent pattern observed across human and wildlife
species is adverse effects of methylmercury on sensory-motor function.


Human epidemics of methylmercury poisoning have occurred in this century.  During the 1950s
and 1960s in Japan, major epidemics of fatal and nonfatal neurological disease were caused by
methylmercury exposure from consumption of seafood in Minamata and fresh-water fish in Niigata
(Tsubaki and Irukajama, 1977).  Additional epidemics of methylmercury poisoning from consumption of
methylmercury on grain occurred in Iraq in the 1960s and 1970s (Bakir et al., 1973).  These epidemics
have provided the strongest possible evidence linking exposure to methylmercury with human fatalities
and neurological disease.  The fundamental question for risk characterization is not whether
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methylmercury from fish can produce neurological disease, but rather what quantities of methylmercury
in fish and what duration of this exposure produce neurological disease in humans.


Exposure to high doses of methylmercury in utero has produced neurological sequelae. 
Developmental effects in humans consequent to methylmercury exposure have been reported  for
offspring of women who consumed contaminated seed-grain in Iraq (Amin-Zaki et al., 1976; Marsh et al.,
1981, 1987) and infants born to mothers who ate contaminated fish from Minamata Bay in Japan
(Harada, 1978).  An inverse correlation was observed between IQ in children in New Zealand and
maternal hair mercury level (Kjellstrom et al., 1989).  Maternal hair mercury level has been correlated
with abnormal muscle tone in Cree Indian male children (McKeown-Eyssen et al., 1983).  These multiple
episodes of disease among numerous groups of people widely separated geographically provide the basis
for high confidence in the association of methylmercury exposure and adverse developmental deficits of
the nervous system. Developmental effects have been reported in three strains of rat and two strains of
mice and in guinea pigs, hamsters, and monkeys.  While some studies are limited in their usefulness to
assessment of developmental risk, the database taken as a whole supports a judgment of Sufficient
Human and Animal Data for developmental toxicity of methylmercury, in the language of the Risk
Assessment Guidelines.  The RfD of 1x10  mg/kg-day was derived using an estimate of threshold (bench-4


mark) for the Iraqi neurodevelopmental observations.


The neurological scores used in developing the benchmark dose for effects in children were
based on clinical evaluation for cranial nerve signs, speech, involuntary movement, limb tone-strength,
posture, and the ability to sit, stand and run.  A limitation on these data is that the Iraqi mothers did not
know with accuracy the ages of their infants; cultural mores did not dictate use of Western calendars for
recording of family events.  Consequently, reliability of data on which these endpoints are based is
compromised.  A resulting uncertainty in the Iraqi data (because of the comparatively short-term
exposures) is classification bias secondary to whether or not methylmercury exposure occurred during a
particular gestational period.


Development of a quantitative estimate of human non-cancer risk for methylmercury has proved
to be a complex undertaking.  Difficulty arises from attempts to quantify daily doses of human exposure. 
The conventional approach for methylmercury is to use hair concentrations and back-calculate to blood
concentrations and then to a daily intake level.  (Methods and assumptions for this calculation are found
in Volume V, Chapter 5.)  There is variation in the hair-to-blood ratios and other physiological
parameters, such as biologic half-lives.


At the present time, there is limited agreement in the scientific community concerning the
optimal neurological endpoints to use for assessment of mercury toxicity.  It is generally agreed that
methylmercury exposure adversely affects cellular processes in broad areas of the nervous system. 
Sensory and motor functions appear to be particular adversely affected.  A wide range of endpoints have
been used to assess nervous system function in studies of mercury toxicity.  Individual scores on
developmental tests were used for the New Zealand study (Kjellstrom et al., 1989); however, these data
are limited because of cultural differences between the subjects and the populations on which the tests
were standardized.  Because of the different cultural practices, the neurological deficits of delayed onset
of walking and talking among children exposed prenatally in the Iraqi population may not be appropriate
measures for risk estimates for Western cultures.  Extensive data from laboratory studies with research
animals are available.  These data clearly support neurological changes as the critical adverse effect for
methylmercury.


A number of additional studies evaluating the association between neurological endpoints and
exposure to methylmercury from fish are underway in the mid-1990s.  These ongoing studies evaluate far
more subtle endpoints of neurotoxicity than were assessed in the epidemics in Minamata and Niigata. 
These studies also use far more sophisticated neurobehavioral and neuromotor assessments than were
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feasible under conditions of the Iraqi studies.  Neurobehavioral and neuromotor development
assessments are being carried out on more than 1,600 maternal-infant pairs from fish-consuming
populations in the Seychelles Islands and the Faroe Islands.  These studies differ from the epidemics that
occurred in Iraq, in that exposures to methylmercury have extended for many years.  Steady-state
conditions were clearly established before testing for the adverse effects was performed.  In addition, the
Agency for Toxic Substances and Disease Registry of the United States Public Health Service is
sponsoring a group of studies conducted in the United States that assess neurological end-points among
infants of mothers consuming substantial quantities of fish.  An example of these studies is the
neuromotor/neurobehavioral evaluations of infants of high-fish-consuming mothers located in the
vicinity of Oswego, New York and monitored by the Department of Psychology of the State University
of New York.  As results from these investigations become available, some of the issues of variability
and uncertainty in understanding the threshold for adverse neuro-developmental effects of
methylmercury may be clarified.  In particular, this evaluation should contribute greatly to an assessment
of the relationship between dose and response in which fish is the vehicle of exposure to methylmercury.


2.2 Dose-Response to Methylmercury


2.2.1 Calculation of Methylmercury RfD


U.S. EPA has on two occasions published RfDs for methylmercury which have represented the
Agency consensus for that time.  These are described in the sections below.  At the time of the generation
of the Mercury Study Report to Congress, it became apparent that considerable new data on the health
effect of methylmercury in humans were emerging.  Among these are large studies of fish or fish and
marine mammal consuming populations in the Seychelles and Faroes Islands.  Smaller scale studies are
in progress which describe effects in population s around the U.S. Great Lakes.  In addition, there are
new evaluations of published work described in Chapter 3 of Volume V, including novel statistical
approaches and application of physiologically based pharmacokinetic models.


 As the majority of these new data are either not yet published or have not yet been subject to
rigorous review, it was decided that it was premature for U.S. EPA to make a change in the
methylmercury RfD at this time.  An inter agency process, with external involvement, will be undertaken
for the purpose of review of these new data evaluations and evaluations of existing data.  An outcome of
this process will be assessment by U.S.EPA of its RfD for methylmercury to determine if change is
warranted.


Human and animal data on elemental, inorganic and methylmercury indicate that systemic toxic
effects (rather than carcinogenicity or germ cell mutagenicity) are most likely to be observed in humans
as a consequence of environmental exposures.  The exposure assessment for environmental mercury from
anthropogenic sources appears in Volume IV and is summarized in Chapter 3 of Volume VII.  This
assessment points to the necessity of considering ingestion of inorganic mercury in water and in food as a
component of any site-specific or scenario-specific risk assessment.  The modeled exposure assessment
indicates, however, that for the majority of people in the United States, methylmercury exposure via
contaminated fish is the major pathway.  It is clear that in the segments of the population that consume
fish or seafood, the majority of mercury exposure will be to methylmercury.  Because methylmercury is
the form to which humans are most exposed, the remainder of the risk characterization will deal with
only that form of mercury.


2.2.1.1  Neurotoxicity of Methylmercury


Neurotoxicity of methylmercury has been determined as the critical effect for the RfD; that is,
the adverse effect that is expected to occur at the lowest level of exposure.  The RfD was based on
statistical analysis of data from human subjects in Iraq in the 1970s.  For a period of approximately three
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months this population consumed bread made from seed-grain treated with methylmercury fungicide.  In
1985 an RfD was determined to be 3x10  mg/kg-day, based on observation of paresthesia in adults-4


(Amin-Zaki et al., 1981).  The LOAEL was determined to be 3x10  mg/kg-day (corresponding to 200-3


µg/L blood concentration), and an uncertainty factor of 10 was applied for use of a LOAEL in the
absence of a NOAEL.  A further uncertainty factor of 10 for sensitive individuals for chronic exposure
was not deemed necessary at the time, because the adverse effects were seen in what was regarded as a
sensitive group of individuals. 


Since 1985, there have been questions raised as to the validity of this RfD and, specifically,
whether or not this RfD is applicable to developmental effects.  This resulted in the re-opening of
discussion of the methylmercury RfD by the U.S. EPA RfD/RfC Work Group in 1992 and 1994. 
Consensus on a new RfD was reached in January of 1995.  A detailed description of the derivation of the
RfD can be found in Chapter 6 of Volume V, and summary information appears on IRIS.


A study of Iraqi populations by Marsh et al. (1987) was chosen as the most appropriate study for
determination of an RfD protective of a putative sensitive subpopulation, namely infants born to mothers
exposed to methylmercury during gestation.  This report described neurologic abnormalities observed in
progeny of women who consumed bread prepared from methylmercury-treated seed grain while
pregnant.  Among the signs noted in the infants exposed during fetal development were cerebral palsy,
altered muscle tone and deep tendon reflexes, as well as delayed developmental milestones (i.e., walking
by 18 months and talking by 24 months).  The data collected by Marsh et al. (1987) summarize clinical
neurologic signs of 81 mother and child pairs.  From x-ray fluorescent spectrometric analysis of selected
regions of maternal scalp hair, concentrations ranging from 1 to 674 parts per million (ppm) mercury
were determined, then correlated with clinical signs observed in the affected members of the mother-
child pairs.  Among the exposed population there were affected and unaffected individuals throughout
the exposure range.


2.2.1.2 Estimation of Mercury Ingestion


In order to quantify an average daily ingestion rate for the mothers, hair concentrations were
determined for periods during gestation when actual methylmercury exposure had occurred. A ratio of
250:1 (µg mercury/mg in hair:µg mercury/L of blood) was used to derive the RfD critical dose.  A
complete discussion for the choice of this ratio is provided in Volume V, Chapter 6.  Conversion of the
hair mercury level to a blood mercury level was done according the following equation:


11 mg/kg hair / 250  = 44 µg/L blood


To obtain a daily dietary intake value of methylmercury corresponding to a specific blood
concentration, factors of absorption rate, elimination rate constant, total blood volume and percentage of
total mercury that is present in circulating blood must be taken into account.  Calculation was by use of
the following equation based on the assumptions that steady state conditions exist and that first-order
kinetics for mercury are being followed.


where:


    d = daily dietary intake (µg of methylmercury/day)
 C = concentration in blood (44 µg/L)
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 b = elimination constant (0.014 days )-1


 V = volume of blood in the body (5 liters)
 A = absorption factor (expressed as a unitless decimal fraction of 0.95)
 f = fraction of daily intake taken up by blood (unitless, 0.05)


The rationales for use of specific values for equation parameters are in Volume V, Chapter 6.


Solving for d provides the daily dietary intake of mercury that results in a blood mercury
concentration of 44 µg/L.  To estimate a daily dose (µg/kg-day) the assumed body weight (bw) of 60 kg
is included in the equation denominator.  While the critical endpoint for the RfD is developmental effects
in offspring, the critical dose is calculated using parameters specific to the mothers who ingested the
mercury-contaminated grain.  Data on body weights of the subjects were not available.  A default value
of 60 kg (rounded from 58) for an adult female was used.


Thus 1.1 µg/kg-day is the total daily quantity of methylmercury that is ingested  by a 60 kg individual to
maintain a blood concentration of 44 µg/L or a hair mercury concentration of 11 ppm, the benchmark
dose derived below.


2.2.1.3 Grouping of the Response Data


Data on neurotoxic effects in children exposed to methylmercury in utero were used to determine
a benchmark dose used in the calculation of the RfD.  Data used in the benchmark dose calculation were
excerpted from the publication Seafood Safety (NRC/NAS, 1991).  The tables of incidence of various
clinical effects in children that were provided in this document readily lent themselves to the benchmark
dose modeling approach.  The continuous data for the Iraqi population that were reported by Marsh et al.
(1987) were placed in five dose groups, and incidence rates were provided for delayed onset of walking,
delayed onset of talking, mental symptoms, seizures, neurological scores above 3, and neurological
scores above 4 for affected children.  Neurologic scores were determined by clinical evaluation for
cranial nerve signs, speech, involuntary movement, limb tone strength, deep tendon reflexes, plantar
responses, coordination, dexterity, primitive reflexes, sensation, posture, and ability to sit, stand and run. 
The effects of late walking, late talking, and neurologic scores greater than 3 were also combined for
calculation of a benchmark on all effects in children.  Alternative dose groupings are described in section
2.2.2.6.


2.2.1.4 Derivation of a Benchmark Dose


Benchmark dose estimates were made by calculating the 95 percent lower confidence limits on
doses corresponding to the 1 percent, 5 percent and 10 percent extra risk levels using a quantal Weibull
model (K.S. Crump Division of Clement International).  The Weibull model was chosen for the
benchmark dose calculations for the methylmercury data as recent research suggests it may be the best
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Uncertainty Factors


An uncertainty factor is a numeric reduction of an
effect or no effect dose which is used to account for a
lack of data or for known areas of variability or
uncertainty in any step in the calculation of a RfD. 
U.S. EPA defines uncertainty factors in five areas of
data extrapolation:


1. When effect data in humans are used, to account
for the likelihood of susceptible subpopulations;


2. When animal data are used, to account for
uncertainty in extrapolating to humans;


3. When less-than-lifetime studies are used, to
account for uncertainty in applying data to chronic
exposure;


4. When no NOAEL is identified, to account for
uncertainty in the actual no effect dose; and


5. When there are no results from certain long-term
studies (e.g., a two-generation reproductive
assay), to account for uncertainty in choice of
critical effect.


model for developmental toxicity data (Faustman et al., 1994).  The form of the quantal Weibull that was
used is:


where d is dose, A0 is the background rate, A1 is the slope, and A2 is a shape parameter.  For each
endpoint and for the combined endpoints, the incidence of response was regressed on the dose.  A Chi-
squared test of goodness-of-fit was used to test the null hypothesis (H ) that the predicted incidence waso


equal to the observed incidence, so that H  would be rejected for p-values less than 0.05.o


2.2.1.5 Adjustments for Background Incidence


As an adjustment for background rates of
effects, the benchmark dose estimates for
methylmercury were calculated to estimate the
dose associated with "extra risk."  Another choice
would have been to calculate based on "additional
risk."  Additional risk (AR) is defined as the
added incidence of observing an effect above the
background rate relative to the entire population
of interest:  AR = [P(d)-P(0)]/1.  In the additional
risk calculation, the background rate is subtracted,
but still applied to the entire population, including
those exhibiting the background effect.  Thus,
background effects are in a sense "double
counted".  Extra risk (ER) is always
mathematically greater than or equal to additional
risk, and is thus a more conservative measure of
risk whenever the background rate is not equal to
zero.  Conceptually, extra risk is the added
incidence of observing an effect above the
background rate relative to the proportion of the
population of interest that is not expected to exhibit such an effect.  Extra risk is more easily interpreted
than additional risk, because it applies the additional risk only to the proportion of the population that is
not represented by the background rate.  Extra risk has been traditionally used in U.S. EPA's cancer risk
assessments and is discussed in detail in a report on the benchmark dose by U.S. EPA's Risk Assessment
Forum (U.S. EPA, 1995).


The RfD/RfC Work Group chose the benchmark (95% lower bound on the dose for 10 percent
effect level) based on modeling of all effects in children.  Recent research (Allen et al., 1994a, b)
suggests that the 10 percent level for the benchmark dose roughly correlates with a NOAEL for
developmental toxicity data.  Note that this conclusion was based on controlled animal studies and on
calculation of additional risk.  Both the polynomial and Weibull models place a lower 95 percent
confidence limit on the dose corresponding to a 10 percent risk level at 11 ppm hair concentration for
methylmercury.  The benchmark dose rounded to 11 ppm was used in the calculation of the RfD.
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Modifyin g Factors


Modifying factors (MF) are similar to uncertainty
factors in that they are used to adjust the no adverse
effect dose in calculating an RfD.  They may be
applied to account for known areas of uncertainty not
covered by the adjustments above.


2.2.1.6 Calculation of the Methylmercury RfD


A composite uncertainty factor (UF) of
10 was used.  This uncertainty factor was applied
for 
variability in the human population, in particular
the wide variation in biological half-life of
methylmercury and the variation that occurs in
the hair to blood ratio for mercury.  In addition,
the factor accounts for lack of a two-generation
reproductive study and lack of data for possible chronic manifestations of the adult paresthesia that was
observed during gestation. The default value of one was used for the modifying factor.


The RfD for methylmercury was calculated using the following equation:


where:


UF is the uncertainty factor and MF is the default of 1.


Confidence in the supporting database and confidence in the RfD were considered medium by the U.S.
EPA RfD/RfC Work Group.


2.2.2 Human Dose-Response Issues


The RfD is characterized by variability and uncertainty.  Fetal effects of methylmercury exposure
were based on hair mercury analyses of 83 women in Iraq.  The dose-response data derived from this data
set are a best estimate from a relatively small number of human subjects.  The size of the data set
becomes a limitation for identifying adverse effects that may occur in a small fraction of subjects due to
factors such as individual variability.  The duration of the exposure to methylmercury (approximately
three months in the Iraqi outbreak) was long enough to identify the effects of methylmercury exposure on
the fetus.


2.2.2.1 Sensitivity of Human Subpopulations


Neurotoxicity of methylmercury to the developing nervous system is well documented among
several populations of human subjects.  Dose-response data have been most extensively analyzed for the
Iraqi population identified in the 1970s epidemic.  Additional analyses of methylmercury poisoning data
have been published in 1995.  Kinjo et al. (1995) estimated threshold doses for adults following
consumption of methylmercury from fish in Niigata, Japan, and Harada (1995) published an extensive
review of the epidemiology of Minamata disease.
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An important issue is the extent to which results from the Iraqi and Japanese populations can be
generalized to other human populations.  The task of identifying the nature and extent of exposures that
represent thresholds of dose-response to methylmercury is more complex.  Do the Japanese and Iraqi
populations represent particularly sensitive subpopulations among the general population of human
subjects who can respond to methylmercury exposure with developmental neurotoxicity?  Or are there
unique characteristics of these populations and patterns of methylmercury exposure that resulted in them
being unusually susceptible to the adverse effects of methylmercury exposure?


It is useful to clarify that there can be at least three broad areas that can render a population
particularly sensitive to methylmercury:  responsiveness of the organism to the adverse effect, differences
in dose-response curves, and differences in exposure to the agent.


The first basis for sensitivity is that the subpopulation of concern is physiologically susceptible
to the effect.  The neurological effect in adults that occurs at the lowest dose is sensory disturbance or
paresthesia.  These changes have been associated with the lowest adverse effect level of exposure
reported in both male and female adults regardless of age (Tsubaki and Irukayama, 1977; Harada, 1995). 
By contrast methylmercury toxicity that occurs following fetal exposure to methylmercury is secondary
to maternal consumption of fish or grain products contaminated with methylmercury.  For this effect the
sensitive subpopulation is the maternal-fetal pair.  Because an estimated 9.5 percent of women of
reproductive age in the United States is pregnant in a given year, and because the half-life of
methylmercury is estimated to range from 35 to more than 189 days, all women of reproductive capacity
can be considered as a sensitive subpopulation for the developmental effects of methylmercury.  Children
are a second subpopulation of interest.  There is general agreeement that the nervous system continues
development in post-natal life and that methylmercury can adversely affect the developmental processes. 
The major uncertainty in this area is the absence of dose response data to quantitatively establish a
separate RfD for children.


The second basis for sensitivity is differences in dose-response to methylmercury.  For example,
individual differences exist in the biological half-life of mercury in the body.  Persons with longer body
retention of mercury can be anticipated to be more sensitive to the adverse effects of methylmercury if all
other factors are equivalent.  It has been reported by Kershaw et al. (1980) and Sherlock et al. (1984) that
the half-lives for methylmercury in blood were 52 (39 to 67) and 50 (42 to 70) days, respectively. 
Generally, the average biological half-life for methylmercury in humans is considered to be
approximately 70 days (Harada, 1995).  However, reported individual values of biological half-lives
range from 33 to 270 days (Birke et al., 1972).  The data from the study of Iraqi methylmercury
poisonings indicated a bimodal distribution of biological half-lives; one group accounting for 89 of the
samples had a mean value of 65 days, and the remaining group had a mean value of 119 days (Al-
Shahristani and Shinab, 1974).  Lactating women have shorter biological half-lives for methylmercury
(average value 42 days), compared with nonlactating women (average value 79 days) (Greenwood et al.,
1978).  This is presumably a reflection of excretion of mercury into milk.  These differences can form the
basis for individual and subpopulation sensitivity to methylmercury.


The third basis for sensitivity to methylmercury is the magnitude of exposure.  Because
methylmercury exposure for humans is almost entirely through fish and shellfish, sensitivity of a
subpopulation will be determined by the extent that they consume fish and shellfish.  Analyses of data for
the general United States population indicate that based on dietary surveys conducted during 1989/ 1991
only 30.9 percent of the general population reported eating fish at least once during a three-day period. 
Subpopulations comprised chiefly of anglers, subsistence fishers, and some Native American populations
report fish consumption rates far in excess of the general population.  High fish consumption is another
basis for sensitivity of a subpopulation to methylmercury.
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2.2.2.2 Modification of Dose


Critical elements of the dose-response relationship reflect the uncertainty and variability that are
an intrinsic part of this assessment.  Separation of these identifiable bases for differences may help
establish group variability by contrast to individual variability.


As with other toxic chemicals response to methylmercury exposure is influenced by
physiological characteristics of the human subpopulation, as well as by individual characteristics of
members of that subpopulation.  Typical factors considered to modify dose-response include these: 
presence of concurrent disease; concurrent exposure to other toxic agents; altered nutritional status;
genetic differences in the way the agent is metabolized; and differences in biokinetics, or metabolic
response that depend on physiological statues such as pregnancy or lactation.


Gestation may be the time period in which the adverse effects occur at lowest doses of
methylmercury.  In the Japanese epidemic in Minamata it became clear that a considerably higher
number of children than usual were born with cerebral palsy (Harada, 1995).  Many of the mothers of
these infants were themselves either initially asymptomatic or had only mild symptoms of methylmercury
neurotoxicity.  Records of the number of inhabitants in the region and onset of disease are detailed for
the Japanese epidemics; however, the exposures were chronic, extending over decades.  The initial cases
were of severe methylmercury poisoning and resulted in fatalities (Tsubaki and Irukayama, 1977). 
Milder cases, atypical cases and incomplete cases were essentially overlooked in earlier years (Harada,
1995).  Many of the cases showed increasingly severe signs and symptoms over the years, producing a
group labelled as "chronic" Minamata disease patients (Harada, 1995).  The basis for progressive cases is
not entirely established; however, manifestation of symptoms by accumulation of methylmercury caused
by a relatively low-level exposure over long periods is one of the possible mechanisms (Harada, 1995). 
Generally the thresholds for chronic Minamata disease are for a lower level of methylmercury than is
associated with acute onset of Minamata disease.


The data from Iraq obtained during the epidemic of methylmercury poisoning that occurred in the
early 1970s form another basis for dose-response analyses.  Because the epidemic occurred in a region
where maintenance of medical surveillance systems was comparatively undeveloped, and many of the
affected people were from very rural villages or were members of nomadic tribes, there is not a reliable
estimate of the size of the potentially exposed population; that is, in terms of incidence there are no
denominator data.  It is uncertain why some subjects who consumed methylmercury-treated seed-grain
responded with adverse effects, whereas other persons with presumably comparable exposures did not
experience toxicity.


Among the Iraqi population reporting methylmercury toxicity, there are reports of the presence of
concurrent disease in the form of parasitism and renal and/or urinary tract disease.  Whether or not these
conditions modify the dose-response relationship between methylmercury concentrations in hair and/or
blood and prevalence of neuromotor deficits associated with methylmercury remains an uncertainty.


2.2.2.3 Media Factors that Affect Dose-Response


An additional source of uncertainty and variability in the dose-response assessment is the bio-
toxicity of methylmercury in the food vehicle that was the source of methylmercury.  Or, stated another
way, is methylmercury from various biological sources bioavailable?  Methylmercury toxicity has been
observed following ingestion of fish, pork, and grain contaminated with methylmercury.  The
methylmercury exposure in Iraq occurred from seed-grain treated with methylmercury fungicide, whereas
the methylmercury exposures in Minamata, Niigata, New Zealand, and Canada (Kjellstrom et al., 1989;
McKeown, 1983) occurred from methylmercury incorporated into the protein of fish tissue.
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Both of the Japanese epidemics wherein methylmercury exposure was from contaminated fish
and the Iraqi epidemic in which grain contaminated with methylmercury was the vehicle for methyl-
mercury exposure have been extensively reported in the biomedical literature.  Although the dose at
which these effects occur more frequently than background incidence is uncertain and variable, it is clear
that clinically significant neurological deficits occur following methylmercury ingestion from several
foods.


2.2.2.4 Time-Course of Dose-Response Assessment:  Comparison of Short-Term and Long-
Term Exposures in Human Epidemics


The duration of exposure is also a source of uncertainty.  It is unclear whether or not it is
physiologically appropriate to generalize conditions associated with paresthesias developed after a three-
month exposure to methylmercury to a lifetime exposure, as the RfD implies.  Analyses of the Iraqi data
and additional analyses of the Niigata data published in 1995 (Kinjo et al., 1995; Harada, 1995) provide
useful insights on duration of methylmercury exposure.  These epidemics differ in two major ways.  The
Japanese dose-response data were obtained from chronic exposures to methylmercury-contaminated fish
and shellfish that occurred over several decades.  The methylmercury was bioaccumulated through the
aquatic food chain producing an exposure pathway that is highly similar to that currently under
consideration in this Report to Congress.  The Iraqi data were obtained from a population that
experienced short-term exposure (approximately three months) to high levels of methylmercury ingested
as organomercurial- fungicide-contaminated seed grain.  The extent to which differences in exposure
vehicle (fish contrasted with grain) and duration of exposure (years contrasted with months) influence
time-course and dose-response to methylmercury among human subjects is not fully known.


Groups of endpoints from the Iraqi data have served as the bases for RfDs — paresthesia among
adults and neurological deficits among infants of women ingesting methylmercury during or just
preceding gestation.  In the Japanese epidemics, signs and symptoms of methylmercury poisoning
included sensory disturbances, constriction of visual field, ataxia, impairment of speech and impairment
of hearing.  Sensory disturbances and constriction of visual field were present in 100 percent of
Minamata disease cases described in 1968 by Tokuomi, ataxia in 93.5 percent of cases, impairment of
speech in 88.2 percent of cases and impairment of hearing in 85.3 percent of cases [Tsubaki et al. (1977)
in Tsubaki and Ireheuta, 1977].  Among chronic Minamata disease patients described by Harada (1995)
sensory disturbances (glove and stocking type and generalized type) were present in 72 percent
(1724/2383) of patients.  In both the Minamata disease cases described in 1968 and in the chronic
Minamata disease cases, sensory disturbance was the neurological change that occurred first.  The
sensory disturbances initially were described as "glove and stocking" paresthesia with about 10 percent
of cases having perioral sensory disturbances (Harada, 1995).  When exposures continued and the disease
progressed, the clinical course of the disease progressed from sensory disturbances of the extremities,
followed by perioral hypesthesia, ataxia and constriction of the visual field, with a time lag of several
months to several years (Tsubaki and Irukayama, 1977).


In Iraq an outbreak of methylmercury poisoning occurred in 1960 and affected an estimated
1,000 patients resulting in 370 hospital admissions (Bakir et al., 1972).  These early outbreaks alerted
clinicians and public health officials to the etiology of the most catastrophic epidemic of methylmercury
poisoning ever recorded.  A total of over 6,500 poisoning cases were admitted to hospitals in provinces,
and 459 hospital deaths were attributed to methylmercury poisoning (Bakir et al., 1973).  Unlike the
chronic methylmercury poisoning from contaminated fish that occurred in Minamata and Niigata, Japan,
the Iraqi epidemic was acute in onset.  Distribution of grain treated with methylmercurial fungicide began
in September, 1971.  The rate of admissions of cases to hospitals throughout the country increased in
early January, 1972 to several hundred cases per day.  No new hospital admissions were recorded after
March, 1972.  Thus this epidemic occurred following acute, high-dose exposure to methylmercury.
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Data used in the quantitative analysis of uncertainty and variability in the U.S. EPA RfD are
based on the Iraqi data reported by Bakir et al. (1973) as further analyzed by Marsh et al., (1987).  As
noted above there are no records of the size of the population who consumed grain treated with
methylmercury fungicide.  Likewise, there are no reliable estimates of the numbers of people who
consumed methylmercury-treated grain and developed signs and symptoms of mercury toxicity, but did
not obtain medical attention or become identified as part of the epidemic.  Similar signs and symptoms of
methylmercury poisoning were noted for the short-term exposure in Iraq and the chronic exposure in
Japan.  The symptoms progressed in severity as in Japan with increased exposure.  The frequency of
effects is not directly comparable between the two populations as the size of the exposed Iraqi population
is not known because communication and record-keeping were less than optimal, and at least part of the
population of concern consisted of nomads.  Whether or not those who obtained medical care represented
a more sensitive subpopulation is not known.  Estimates of body burden of mercury based on analysis of
hair and/or blood mercury concentrations and the occurrence of a constellation of signs/symptoms of
methylmercury toxicity are known.


2.2.2.5 Delivered Dose Estimation


Data obtained during the Japanese epidemic included analyses of hair mercury concentrations. 
In the Iraq epidemic analyses of mercury concentration in hair and blood were carried out.   Both sets of
data have been used to estimate dose of methylmercury to affected subjects.  An analysis of the threshold
dose for adults exposed to methylmercury in Niigata was published by Kinjo et al. (1995).  To be
included as subjects the individuals had been classified as having Minamata Disease.  This definition is
presented in multiple publications including that of Tamashiro et al. (1985).  The sign common to the
syndrome of Minamata disease is the bilateral sensory disturbance which is more severe in the distal
parts of the extremities and which also occurs sometimes in the perioral area (Tamashiro et al., 1985). 
The raw data on hair mercury concentrations did not take hair length or hair growth rate into account. 
Consequently the actual mercury measurements can be considered to represent average values over the
period of exposure to pollution derived from hair length and hair growth rate. Kinjo et al. (1995) include
thresholds based on raw data; however, these investigators considered the maximum hair mercury
concentration to be the more appropriate measure for dose-response analysis.  Maximum hair mercury
concentrations were estimated using actual mercury concentrations and estimates of hair growth rate and
biological half-lives for methylmercury.  The biological half-life primarily used in their model was 70
days with a hair length of 10 cm for males and 20 cm for females and a hair growth rate of 1.5 cm/month. 
Additional biological half-lives (35 and 120 days) and different hair lengths (5 cm for males, 15 cm and
25 cm for females) were evaluated by changing these variables in the equations used to predict
thresholds.  The threshold dose of hair mercury concentration was estimated to be between 40 and 70
ppm by hockey-stick regression analysis.  A wider range of threshold doses was observed when raw hair
mercury data were used.  Based on raw data from female subjects a threshold of 21 ppm mercury in hair
was identified.  Using a 70-day biological half-life and a hair length of 5 cm, a threshold of 67 ppm was
observed.


Data from the Iraqi epidemic were used in development of U.S. EPA's RfD which was developed
in 1994.  These data were input parameters to a physiologically based dose conversion model for
mercury.  This model served as the mathematical basis for estimating exposure to mercury per kilogram
body weight per day.  Although this model has been extensively used (among other applications, the
National Research Council/National Academy of Sciences' committee report entitled Seafood Safety, the
World Health Organization's Criteria Document on Methylmercury) any differences between model
parameters and actual values will determine the predictions made.  This model relies on fundamentals
such as the hair-to-blood ratio and the half-life of methylmercury in the blood.
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Variability in biological half-life of mercury has been cited above.  Generally a value of 70 days
has been used.  However, individual values as long as 250 days have been reported by Birke et al. (1972). 
Al-Shahristani and Shihab (1974) reported biological half-lives of methylmercury to vary between 35 and
189 days with an average of 72 days based on data from 48 patients.  It is known that at least one
subpopulation has a different value for the half-life of mercury that differs from the general adult
population; lactating women had a shorter half-life for mercury than did nonlactating adults (Greenwood,
1978).


Extrapolation of dose-response conversions across a wider range than the range of the actual data
results in uncertainty; this occurs when modeled data are used to predict beyond the range of observed
data.  Significant departures from non-linearity or differences between the shape of the modeled dose-
response curve and the observed data may occur at extreme in the distribution.  This is an intrinsic issue
when modeled data are utilized.  Whether or not intermittent exposures resulting from occasional
consumption of highly contaminated media results in similar biokinetics of methylmercury remains an
uncertainty.


2.2.2.6 Grouping of Data


Dose groupings other than those used in Seafood Safety were also done and benchmark doses run
as above for comparison.  Both density-based grouping and uniform concentration intervals were used.


The local density of observations relative to the mercury level in hair was analyzed using a
density estimation algorithm (ksmooth function in S-PLUS for Windows, Ver. 3.1; S-PLUS Guide to
Statistical and Mathematical Analysis).  The function estimates a probability density for the distribution
of a variable by calculating a locally-weighted density of the observations.  That is, the function
estimates the probability that an observation will be near a specific value based on how the actual values
are clustered.  In this case, the function was used to estimate the probability density for an observation in
the neighborhood of any given maternal hair mercury concentration.


The nominal dose-group value, concentration ranges and incidence of combined developmental
effects are given in Table 2-1.  A benchmark dose was calculated from the incidence of all effects as
grouped in Table 2-1.  The lower 95% confidence interval on the benchmark dose for 10% response is 13
ppm compared to the 11 ppm value used as the basis for the RfD.


Table 2-1
Density-Based Dose Groupings


Nominal Dose (ppm) Dose Range (ppm) Incidence


1.18 1 - 4 5/27


10.6 5 - 28 3/16


78.8 29 - 156 10/17


381 157 - 674 18/21
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The other alternative dose grouping approach was to divide the entire exposure range into four
equal log-dose intervals.  The geometric midpoint of each interval was taken as the nominal value for the
interval.  The nominal dose-group value, concentration ranges and incidence of combined developmental
effects are given in Table 2-2.  The benchmark calculated as the lower bound on the 10% incidence for
all effects is 10.3 ppm, compared to the 11 ppm used for the RfD.


Table 2-2
Uniform Dose Groupings


Nominal Dose (ppm) Dose Range (ppm) Incidence


2.25 1 - 5 5/28


11.5 6 - 25 3/14


58.6 26 - 132 9/17


299 133 - 674 19/22


2.2.2.7 Paresthesias as a Reliable Endpoint


The former RfD of 3x10  mg/kg-day was based on paresthesia in adults.  A re-evaluation of the-4


data set and exposure calculation was done with subsequent determination of a benchmark dose for
paresthesia in adults of 3.6 µg/kg body weight/day (RfD Work Group Notes of 13 October 1994). 
Among the uncertainty and variability issues in use of transient paresthesias as an adverse health effect is
the subjectivity of the condition.  Transient paresthesias refers to tingling and numbness of extremities or
the mouth area for a temporary period and is a clinically defined endpoint.  These temporary paresthesias
are fully reversible and occur in a number of benign (e.g., position of a limb during sleep) or serious
conditions (e.g., osteoarthritis or diabetes).  The duration of a temporary paresthesia is an important
consideration and can range from a few minutes to hours or days.


In the epidemics of methylmercury poisoning in Minamata and Niigata, the development of
paresthesias was extensively described (among others see Tsubaki et al., Neurological Aspects of
Methylmercury Poisoning in Tsubaki and Irukayama, 1977).  Sensory abnormalities were identified and
considered an early indication of methylmercury poisoning in the Iraqi epidemic (Bakir et al., 1973).  It is
unclear from the published materials what duration of effect was needed to be classified as paresthesia. 
Reporting of paresthesia may reflect subject or examiner recall bias in either a negative or positive
direction.  Consequently this endpoint is quite subject to classification bias; however, personal
communication from one of the investigators (Dr. Thomas Clarkson, University of Rochester, July, 1995)
indicated that the clinicians who conducted the initial Iraqi investigation were familiar with the
paresthesias produced by methylmercury exposure because they had evaluated Iraqi patients in the earlier
epidemic in 1960.  Although a standardized definition of paresthesia was very likely not developed, the
investigators were familiar with the clinical picture of methylmercury-induced sensory disturbance.


A second issue for analyses of data on paresthesias is the background prevalence of temporary
paresthesias in the subpopulation of interest.  If temporary paresthesias were narrowly defined as caused
only by methylmercury exposure, one interpretation of an appropriate background rate would be zero. 
Temporary paresthesias occur, however, in a number of benign and disease conditions.  In the uncertainty
analysis (see Volume V) carried out in support of this risk characterization, determination of a
background rate was based on Bakir et al. (1972).  The response data for exposed individuals do not
show any background response, and so there does not appear to be an appreciable background rate of
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paresthesia in the general population.  An estimate of 7.2 percent was developed from the data of Bakir et
al. (1972, 1973) representing 40 hospitalized subjects.  The benchmark dose modeling for paresthesias
used the prevalence of paresthesias among 35 female subjects whose hair mercury concentrations were
under 10 parts per million.


The calculated dose for subjects with paresthesia used a 70-day half-life as the measure of central
tendency.  Duration of exposure is also a major concern in calculation of dose of methylmercury
exposure that produces paresthesias.  Methylmercury is retained in tissues.  In the methylmercury
poisoning epidemic in Iraq, the duration of exposure to methylmercury was estimated to be three months
duration, although exposures as long as six months could have occurred (using September, 1971 the date
when methylmercurial seed-grains were introduced and March, 1972 as the date of last hospitalization of
cases).  If exposure is prolonged, the dose estimated to produce paresthesias may differ based on
laboratory data identifying the mechanisms of action by which methylmercury produces nerve damage. 
A detailed discussion of exposure duration, short vs. long exposure to methylmercury in production of
paresthesias is presented in Volume V.


2.2.2.8 Neuro-Developmental Effects


As with other health-based endpoints, the general issues of representativeness of the population
who sought medical attention and became subjects in the study is a concern.  In the Japanese epidemics
extensive medical surveys were done during the 1960s in Minamata and Niigata (1965 and 1967)
(Tsubaki and Irukayama, 1977; also reviewed by Harada, 1995).  Identification of severe developmental
disturbances were among the earlier changes identified among patients born from 1955 and later in the
Minamata area of Kyushu, Japan (Harada, 1977, 1995).  Under the conditions present in Minamata area
during 1955-1957, Harada identified an overall morbidity of 6.9 percent, which was much higher than the
rate of usual congenital cerebral palsy present in Japan (Harada, 1977).  Harada noted (Harada, 1995)
that for congenital Minamata disease, as with other cases of infantile cerebral palsy, the diagnosis occurs
only after an extended time has elapsed since birth.  In small fishing villages of Yudo, Tsukinowa, and
Modo, Japan between 1955 and 1958 there were 188 births with a 9.0 percent incidence of cerebral palsy
(Harada, 1995).  During this period the overall national incidence of cerebral palsy was approximately
0.2 percent (Harada, 1995).


In the Iraqi epidemic, the first reports of infant-mother pairs exposed to methylmercury did not
indicate an unusual sensitivity of the fetus compared to the exposed adult (Amin-Zaki et al., 1976). 
Follow-up at five years, however, indicated developmental delays in motor skills and impaired
intelligence in one-sixth of the young children (Amin-Zaki et al., 1981).   Delayed motor development
was defined as inability of the infant to sit without support by the age of 12 months, to pull
himself/herself to standing position by 18 months, or to walk two steps without support by 2 years of age. 
Language development was considered to be delayed when, at the age of 2 years, a child with good
hearing failed to respond to simple verbal communication.  There are no standardized intelligence
quotient ranges for Iraqi children.  The child's mental development was judged based on a combination of
the mother's impressions of the child's development and the judgment of two physicians.


The background prevalence of late talking/late walking among the Iraqi population not exposed
to methylmercury is an uncertainty.  The major part of the variance in the developmental effects
threshold distribution arises from uncertainty in the estimate of the threshold based on ppm mercury in
hair, which accounts for 84 percent of the variance.  These data show a very broad range of
susceptibilities in this exposed population, up to a 10,000-fold span between the 5th and 95th percentiles
when projected to the general population (data of Marsh et al., 1987, as analyzed by Hattis and Silver,
1994).  A primary factor is that hair methylmercury concentrations imprecisely predict toxicity, either
because some important data are missing or because significant nonlinear processes are involved.  For
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example, in the Marsh et al. (1987) data, it is noted than an individual with the highest estimated
methylmercury exposure is a non-responder when the endpoint is developmental effects on the nervous
system.  This could reflect individual susceptibility to methylmercury toxicity.  Alternatively, this
observation may be a consequence of misclassification — the individual may have been exposed during a
period of time which was not a critical developmental window.  There is potential for misclassification as
calculation of exposure time was dependent on subject recall of the gestational period and birth date.


Recall of birth data for the infant is of major importance in assessing the prevalence of
developmental delays such as late walking or late talking.  This uncertainty is particularly an issue with
the Iraqi data set because of cultural differences.  Published information and personal communication
with the study authors suggest that within the Iraqi nomadic culture no particular significance is attached
to the age at which walking and talking first occur.  The database used to assess the distribution of ages
in which late walking and late talking are assessed is a European database.  It is known that ethnicity and
race are factors that influence age at which motor skills are acquired.


2.3 Uncertainty in the Human Health RfD  for Methylmercury


2.3.1 Qualitative Discussion of Uncertainties in the RfD for Methylmercury Alternate Analyses


Two additional human epidemiologic studies of separate populations (Kjellstrom et al., 1986a,b,
1989; McKeown-Eyssen et al., 1983) generally support the dose range of the benchmark dose level for
perinatal effects.  Both of these studies are described in section 3.3.1.1 of Volume IV.  A recent analysis
of the Kjellstrom data was published by Gearhart et al. (1995).  In this analysis the authors used a PBPK
model which incorporated a fetal compartment.  They calculated a benchmark dose on all 28 tests
included in the initial study design by Kjellstrom; this was done assuming values of 1 and 5% for
background deficiency in test scores.  The range of benchmark doses calculated was 10 to 31 ppm
maternal hair mercury.  The authors' preferred benchmark was 17 ppm, for an estimated background
incidence of 5% and the lower bound on the 10% risk level.


Chronic rodent (Bornhausen et al., 1980) and nonhuman primate studies (Burbacher et al., 1984;
Gunderson et al., 1986; Rice et al., 1989a,b) provide data to support LOAELs for other developmental
end points.


The principal study (Marsh et al., 1987) is a detailed report of human exposures with quantitation
of methylmercury by analysis of specimens from affected mother-child pairs.  A strength of this study is
that the quantitative data are reported on the affected population, and quantitation is based upon
biological specimens obtained from affected individuals.  A threshold or presumed no effect level was
not easily defined; application of modeling techniques were needed to define the lower end of the dose-
response curve.  This may indicate high variability of response to methylmercury in the human mother-
child pairs or misclassification of assigning pairs to the cohort.  Concerns have been raised as to the
applicability of a risk assessment based upon data from grain-consuming population when the application
of this risk assessment is for segments of the U.S. population consuming fish.  It is thought that a diet
rich in animal protein (such as fish) also delivers selenium.  Selenium appears to interact with mercury in
some experimental systems and has been suggested to increase the latency period for onset of symptoms
of neurotoxicity which has been observed in exposed humans.  It is not thought that the exposed Iraqi
population was selenium-deficient or significantly malnourished; however, the effect of additional
dietary selenium on the dose-response curve is uncertain.  


The most appropriate basis for calculation of an RfD for methylmercury has been the subject of
much scientific discussion; several plausible alternatives to the U.S. EPA assessment have been
proposed.  ATSDR used the analysis reported by Cox et al. (1989, see discussion below) of the Iraqi
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developmental data in the derivation of an intermediate MRL (minimal risk level).  Using delayed onset
of walking as the critical effect, a LOAEL of 14 ppm mercury in hair was determined.  A dose
conversion from ppm hair to daily intake to maintain blood mercury levels in pregnant women was done
in a very similar manner to that employed by U.S. EPA.  Values for parameters in the equation were
consistent between the two agencies with one exception; namely the use of a blood volume of 4.1 L by
ATSDR compared to 5 L by U.S. EPA.  The methylmercury intake level calculated by ATSDR to
maintain a hair level of 14 ppm is 1.2 µg/kg-day compared to 1.1 µg/kg-day to maintain a hair level of 11
ppm (used by U.S. EPA), this is not a significant difference.


The state of New Jersey currently uses an RfD of 0.7x10  mg/kg-day (described in Stern, 1993)-4


compared to U.S. EPA's RfD of 1x10  mg/kg-day.  The critical effect chosen was developmental-4


endpoints in the Iraqi children exposed in utero including delayed onset of walking.  The LOAEL chosen
was the mercury hair level equivalent to a mercury blood level of 44 µg/L.  To determine the intake level,
the equation in Section 2.2.1.2 of this volume was used, but with different values for two parameters,
namely, b and f.


Crump et al. (1995) reanalyzed data from the Iraqi methylmercury poisoning episode presented
by Marsh et al. (1981).  Using a hockey stick parametric dose-response analysis of these data, Cox et al.
(1989) concluded that the "best statistical estimate" of the threshold for health effects was 10 ppm
mercury in hair with a 95 percent range of uncertainty between 0 and 13.6.  In their analysis, Crump et al.
(1995) reported that the statistical upper limit of the threshold could be as high as 255 ppm. 
Furthermore, their maximum likelihood estimate of the threshold using a different parametric model was
said by the authors to be virtually zero.  These and other analyses demonstrated that threshold estimates
based on parametric models exhibit high statistical variability and model dependency, and are sensitive to
the precise definition of an abnormal response.


Using a statistical analysis for trend that does not require grouping of the data, Crump et al.
(1994) demonstrated that the association between health effects and methylmercury concentrations in
hair is statistically significant at mercury concentrations in excess of about 80 ppm.  In addition, Crump
et al. (1994) calculated benchmark doses by applying dose-response models to each of the three
endpoints:  late walking, late talking and neurological score.  Their calculation of the 95 percent lower
bounds on the hair concentration corresponding to an additional risk of 10 percent ranged from 54 ppm to
274 ppm mercury in hair.  Crump et al. (1994) concluded that the trend analyses and benchmark analyses
provided a sounder basis for determining RfDs than the type of hockey stick analysis presented by Cox et
al. (1989).  They felt that the acute nature of the exposures, as well as other difficulties with the Iraqi
data, present limitations in the use of these data for a chronic RfD for methylmercury.


Cox et al. (1995) have published a recent analysis of the data on late walking in Iraqi children
exposed in utero to methylmercury.  The authors indicate that dose-response analyses based on the "late
walking" endpoint are unreliable because of four influential observations in the data set from Marsh et al.
(1987).  The data points in question are the only responders below 150 ppm (Hg in hair).  In particular
Cox et al. (1995) state that the four observations are isolated from the remainder of the responders and
would be expected to have considerable influence on threshold estimate.  This conclusion is based on a
visual interpretation of a plot of the data (Figure 2 in Cox et al., 1995).  Based on visual inspection of the
same figure, an argument could be made that the separation is not that marked considering the first eight
responders.  No quantitative sensitivity analysis was performed to investigate the effect of removing one
or more of these data points.  Cox et al. (1995) point out that if the four points are assumed to represent
background, then the threshold for late walking would be greater than 100 ppm.  It would seem unlikely,
however, that these observations represent background given that no responses were observed in the 37
individuals with lower levels of exposure.  It should be noted that the U.S. EPA benchmark dose was
done on incidence of all effects, rather than on late walking only.
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The Cox et al. (1995) and Crump et al. (1995) analyses deal primarily with one endpoint;
namely, late walking.  This appears to be the most sensitive of the endpoints described in March et al.
(1978).  Both Cox et al. and Crump et al., as well as the U.S. EPA analysis in Volume V, show
considerable uncertainty in thresholds estimated from the data on late walking.


Late walking, as assessed in the exposed Iraqi population (Marsh et al., 1987) is almost certainly
a valid indicator of methylmercury toxicity but may well be unreliable as the sole basis for detailed dose-
response analysis.  The primary reason for this may be the uncertainty in maternal recall for both birth
date and date of first walking.  The uncertainty, in this particular case could be quite large, given the lack
of recorded information.  The primary impact of this kind of uncertainty would be on the response
classification of individuals at the upper bound of normal (18 months for first walking) and at the lower
bound of abnormal.  The lowest abnormal first walking times presented in Marsh et al. (1987) 20 months. 
The impact of assuming uncertainty in the classification of the observations in these two groups is large
given the large number of observations in the two groups (19 data points at 18 months and 8 data points
at 20 months).  The analysis in Volume V of the Report to Congress shows that thresholds estimated for
late walking are unstable when classification uncertainty is considered.  The same kind of subjective
uncertainty is applicable to the late walking endpoint, as well.  The thresholds for late walking, however,
are much more stable, statistically, as there are fewer observations that are near the normal/abnormal
threshold value of 24 months.


Marsh et al. (1995) have published results of a study conducted between 1981 and 1984 in
residents of coastal communities of Peru.  The prospective study was of 131 child-mother pairs; testing
for potential effects of fetal methylmercury exposure ws patterned after the study of children exposed in
utero in Iraq.  Peak maternal hair methylmercury ranged between 1.2 to 30 ppm with a geometric mean of
8.3 ppm.  Marsh et al. (1995) showed no effects of methylmercury based on endpoints similar to those
assessed among the Iraqi children (including time of first walking and talking).  A NOAEL (in the
absence of a LOAEL) from this study would be 30 ppm maternal hair mercury.  This is consistent with
the U.S. EPA benchmark dose of 11 ppm.


Fetal effects of methylmercury exposure were based on hair mercury analyses from 83 women in
Iraq.  Recommendations based on this data set are a best estimate based on a relatively small number of
human subjects.  The size of the data set becomes a limitation for identifying adverse effects that may
occur in a small fraction of subjects due to factors such as individual variability.  A limitation of these
data is the relatively small number of maternal-infant pairs (81) whose exposures fell within the range of
interest for this assessment.  Efforts to interpret these data have considered the issue of threshold
modeling (among other references see the NIEHS Report to Congress on Methylmercury, 1993).  The
duration of the exposure to methylmercury (approximately three months in the Iraqi outbreak) was long
enough to identify the effects of methylmercury exposure on the outcome of pregnancy.


Concern has been raised by various scientists as to the impact that as yet unpublished studies will
have on the risk assessment for methylmercury.  Reports have delivered at scientific meetings results of
studies of populations in the Faroes and Seychelles Islands known to consume large amounts of seafood. 
Data on parts of the Seychelles Study have recently been published.  The interpretation by some risk
assessors is that the effects noted in the Iraqi population exposed to contaminated grain are not being
seen at similar doses of methylmercury delivered in utero via contaminated seafood.


As the majority of these new data are either not yet published or have not yet been subject to
rigorous review, it was decided that it was premature for U.S. EPA to make a change in the
methylmercury RfD at this time.  An interagency process, with external involvement, will be undertaken
for the purpose of review of these new data, evaluations of these data and evaluations of existing data. 
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An outcome of this process will be assessment by U.S. EPA of its RfD for methylmercury to determine if
change is warranted.


It has been suggested that a separate “developmental toxicity” RfD is needed for methylmercury
in addition to the RfD.  The primary difference between these tow approaches to RfDs is the duration of
exposure.  This may not be necessary, however, if the critical effect is developmental toxicity and the
uncertainty factors used to estimate the lifetime RfD do not involve an adjustment for less than lifetime
exposure nor lack of complete database.


2.3.2 Quantitative Analysis of Uncertainty in the Methylmercury RfD


2.3.2.1 Introduction


This section summarizes the methylmercury RfD uncertainty analysis presented in Appendix D
to Volume IV of this Report.  Details of the methods applied and the results obtained can be found in
Appendix D.  The purpose of this analysis is two-fold:  first, to determine plausible bounds on
uncertainty associated with the data and dose conversions used to derive the methylmercury RfD; second,
to compare the RfD to estimated distributions of human population thresholds for adverse effects.  This
analysis is a modeled estimate of the human threshold for specific health effects attributable to
methylmercury exposure.  The basis for the analysis and the RfD is the data from the 1971 Iraqi
methylmercury poisoning incident, specifically the data from the Marsh et al. (1987) population referred
to as the Iraqi cohort.  An adult paresthesia benchmark dose was also based on data presented in Bakir et
al., (1973).  The analysis also includes studies pertinent to the conversion of mercury concentrations in
hair to estimated ingestion levels.


For purposes of this analysis, the human population threshold was defined as the threshold for
the most sensitive individual of an identified sensitive subpopulation.  The definition of sensitive
subpopulations excludes hypersensitive individuals whose susceptibilities fall far outside the normal
range.  A threshold is defined as the level of exposure to an agent or substance below which a specific
effect is not expected to occur.  The definition of threshold does not include concurrent exposure to other
agents eliciting the same effect by the same mechanism of action.  In other words, there is an assumption
that the induced response is entirely a result of exposure to a single agent.  The 81 pregnant
female/offspring pairs comprising the Iraqi cohort were taken as a surrogate for the most sensitive
subpopulation expected in the general U.S. population consuming fish.  The sensitive subpopulation was
identified for the uncertainty analysis as humans exposed to methylmercury in utero.


The uncertainty analysis examined the major sources of uncertainty explicitly and implicitly
inherent to the methylmercury RfD and attempted to bound them quantitatively.  The principal
uncertainties arise from the following sources:  the variability of susceptibilities within the Iraqi cohort;
population variability in the pharmacokinetic processes reflected in the dose conversion; and response
classification error.


The response classification is the assignment of an individual observation to one of two
categories — responder or nonresponder.  The response classification for each of the developmental
endpoints reported by Marsh et al. (1987) was based on a fixed value (response decision point) that,
when exceeded, constitutes a response.  It is possible that some responses were misclassified, particularly
those for responses in the immediate vicinity of the response decision point; a responder may have been
classified as a nonresponder or vice versa.  The response classifications for late walking and late talking
are particularly susceptible to this type of error.  The response estimates were based on subject recall in
members of a population that does not traditionally record these events.
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Other areas of uncertainty are those directly related to the RfD methodology.  Specifically, it was
concluded by an Agency Work Group that there were no adequate chronic or reproductive studies.  An
uncertainty factor of 10 is generally applied when chronic studies are not available.  This uncertainty
factor is based on an assumption inherent to the RfD methodology that increased exposure duration will
lower the dose required for observation of the effect.  Support for this assumption has been published
(Weil and McCollister, 1963) and is discussed in Volume V.  An uncertainty factor of 3 is generally
applied if reproductive studies are not available.  NOAELs for reproductive studies are generally
two-fold to three-fold higher than NOAELs for chronic studies and are not expected to be the basis for
the RfD more than 5 percent of the time (Dourson et al., 1992).


2.3.2.2 Methods


Thresholds were estimated in a two-stage process.  The first stage was the estimation of
threshold distributions based on hair mercury concentrations, which was accomplished by applying a
regression model to successive bootstrap samples of the observations in Marsh et al. (1987).  This
process is detailed in Volume V.  The second stage was the conversion of the thresholds expressed as
ppm mercury in hair to mg methylmercury per kg body weight per day (mg/kg-day); this involved a
Monte Carlo analysis of the variability of the underlying biological processes.  For details of methods,
see Volume V.


Because the Iraqi cohort is considered to be a sensitive subgroup, as defined in the RfD
methodology, the output distributions of the uncertainty analysis are meant to reflect the uncertainty
around an estimate of the thresholds for effects in humans including sensitive individuals.  The results for
each endpoint should be interpreted as the distribution of the uncertainty around the human population
threshold.  The results should not be interpreted as the distributions of individual thresholds within the
population.  Estimates of risk above the threshold cannot be obtained from this analysis.


The uncertainty analysis was limited to only those data and equations directly related to the
derivation of the methylmercury RfD.  Other data sets or models were not considered.  A few sources of
uncertainty in the data used to derive the methylmercury RfD have not been included in this analysis. 
Exposure classification error arising from uncertainty as to the correspondence of actual exposure and
critical exposure period cannot be estimated from the data as published by Marsh et al. (1987).  This
source of uncertainty could be a major contributor to the apparent extreme variability of susceptibilities
in the Iraqi cohort.  Variability in the interpretation of the definition of a response was not estimated in
this analysis.  That is, there would be expected differences in individual interpretation of first walking or
first talking (probably for the latter).  The classification errors assumed for this analysis only accounted
for uncertainty in the timing of the event given an unequivocal positive response.  Also, the response
decision points defining an adverse effect were accepted uncritically.  For example, changing the
definition of late walking to either greater than 16 months or greater than 20 months would have a
significant effect on the analysis.  Measurement error for hair mercury concentrations has not been
estimated for this analysis; the necessary data are unavailable in the published reports (Marsh et al.,
1987; Cox et al., 1989).


The results of this analysis are conditional on a specific representation of population variability
in the parameters of the dose conversion variables.  That is, the choice of the form and parameters for the
distributions assigned to each of the variables is largely a matter of judgment; the particular set of
parameters chosen for each distribution is only one option of a number of possible choices; and
uncertainty as to the value of the parameters is not included in the analysis.  For example, the choice of
the (log-triangular) distribution for half life of methylmercury was made on the basis of best fit with
respect to the 5 , 50  and 95  percentiles of the combined data from several studies.  This particularth th th


distribution does not allow for values less than 28 days or greater than 125 days, but could be easily
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modified to do so.  Such a modification would, however, have only a small effect on the Monte Carlo-
generated distribution for the dose conversion factor.


The threshold analysis shows that adult paresthesia was the most sensitive individual effect
observed for the Iraqi cohort, particularly when adjusted for the effects of continuing exposure.  That is,
in this analysis, paresthesia in adults was estimated to be observable at a lower exposure than the
developmental endpoints.  The adult paresthesia bootstrap thresholds were also the most unstable as
measured by the frequency of nonsignificant slopes.  The RfD fell between the 39  and 91  percentiles ofth st


the duration-adjusted adult paresthesia threshold distribution, a considerably larger range than that for
any of the developmental effects.  On the average, the RfD fell below the 1  percentile for allst


developmental effects, with only a 5 percent chance that it was as high as the 16  percentile.  Ath


discussion of factors affecting reliability of paresthesia as an endpoint is provided in Section 5.1.3.1 of
this volume.


The results of the response-classification uncertainty analysis suggest that the late walking
endpoint and adult paresthesia were unreliable as measures of methylmercury toxicity for the Iraqi
cohort.  The exclusion of late walking from the combined developmental effects would not have a very
large impact on the threshold distribution, increasing the thresholds by about 50 percent.  Although the
response-classification uncertainty analysis was based on hypothetical classification error rates, a
two-month uncertainty in recall of these events was not unlikely in this particular situation.  These results
suggest that strong conclusions should not be based on the late walking and adult paresthesia endpoints.


2.3.2.3 Conclusions of Analysis of Uncertainty Around Human Health Effects of
Methylmercury


A major source of the variability was in the estimation of bootstrap thresholds from the Iraqi
cohort data as evidenced by the 12- to 20-fold difference in the 5  and 95  percentiles of the bootstrapth th


threshold distributions.  The uncertainty arising from limited exposure duration contributed almost as
much, with a 12.5-fold difference in the 5  and 95  percentiles.  The corresponding spreads in the doseth th


conversion distributions were 2.4-4.2 fold.  Correlations between variables were important with respect
to the variance of the Monte Carlo simulations but were not well-defined by empirical data.  Additional
areas of uncertainty remain to be modeled.


Of the developmental endpoints, the neurological effects, which are determined by a battery of
tests and do not depend on subject recall, would seem to be the most objective measure of methylmercury
toxicity.  Late walking was not a reliable endpoint because of sensitivity to classification error.


The RfD of 1x10  mg/kg-day is very likely below the threshold for developmental effects but-4


may be above the threshold for exposure duration-adjusted adult paresthesia.  Strong conclusions based
on the latter result are not warranted because of the sensitivity of the adult paresthesia threshold to
classification error and the general lack of data addressing the effects of exposure duration.
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3. RISK CHARACTERIZATION FOR WILDLIFE


3.1 Scope of the Risk Assessment


As described in Chapter 2 of Volume VI, mercury bioconcentrates, bioaccumulates and
biomagnifies in aquatic food chains.  These processes result in mercury residues in fish that are much
higher than concentrations in the water in which they live, thereby providing an enriched contaminant
source for piscivorous avian and mammalian wildlife.  Existing data permit a general treatment of
mercury exposure and effects on such populations.  A more accurate assessment of the risk posed by
mercury to a specific group of animals occupying a given location requires the collection of necessary
supporting information such as food habits, migratory behavior, breeding biology, and mercury residues
in preferred
prey items.


The scope of the present Report was intended to be national in scale.  It was determined,
therefore, that any effort to assess the risk of mercury to a given species living in a defined location
would be inappropriate.  Instead, an effort was made to compare mercury exposure and effects in a
general way using data collected from throughout the country and in so doing to develop qualitative
statements about risk.  


Consistent with this broader-scale approach, an effort was made to derive a wildlife criterion
(WC) level for mercury that is protective of piscivorous wildlife.  This WC is defined as the
concentration of mercury in water that, if not exceeded, protects avian and mammalian wildlife
populations from adverse effects resulting from ingestion of surface waters and from ingestion of aquatic
life taken from these surface waters.  The health of wildlife populations may, therefore, be considered the
assessment endpoint of concern.  Although not generally derived for the purpose of ecological risk
assessment, WC values incorporate the same type of exposure and effects  information used in more
standard approaches.  Such calculations also provide for a simple assessment of risk in any given
situation, i.e., by determining whether the concentration of mercury in water exceeds the criterion value. 


Calculation of a WC for mercury is based upon the use of a wildlife reference dose approach,
combined with knowledge of the extent to which mercury becomes concentrated in aquatic food chains. 
The methods used to calculate this criterion value are based on those described in the Proposed Great
Lakes Water Quality Guidance for the Great Lakes Water Quality Initiative (U.S. EPA, 1993c) and
implemented in the final Water Quality Guidance for the Great Lakes System (U.S. EPA, 1995b),
henceforth referred to as the "Proposed Guidance" and "Final Guidance," respectively.  When originally
implemented in support of the Great Lakes Water Quality Initiative (GLWQI), this approach yielded a
single measurement endpoint, which was the total mercury concentration in water that was believed to be
protective of piscivorous wildlife.  In this report, an effort was made to update the WC for mercury by
calculating its value using data for methylmercury.  It should be noted that a methylmercury-based WC
can still be related to total mercury residues in fish or water through the use of appropriate conversion
factors.  By convention, mercury concentrations in environmental media (and in dosing solutions) are
usually expressed as �g/g of elemental mercury, regardless of the identity of the mercury species.  This
convention is retained throughout this chapter.


3.2 Exposure of Piscivorous Wildlife to Mercury
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Exposure was characterized in a progressive manner, with varying reliance on computer models
for mercury deposition and fate.  The objective of this analysis was to characterize the extent to which
piscivorous wildlife are exposed to mercury originating from airborne emissions.  Details on exposure
assessment inputs, methods and results can be found in Volumes III and IV of this Report.  Three general
approaches were used, which are described in the following sections.


3.2.1 Estimation of Current Average Exposure to Piscivorous Wildlife on a Nationwide Basis


The first analysis was conducted without computer models.  Estimates of current mercury
exposure to selected piscivorous wildlife species were calculated as the product of the fish consumption
rate and measured mercury concentrations in fish.  This analysis was not intended to be a site-specific
analysis, but rather to provide national exposure estimates for piscivorous wildlife.  This analysis used
mean total mercury measurements from two nationwide studies of fish residues and published fish
consumption data for the selected wildlife species.  The relative ranking of exposure in �g/kg bw/d of
selected wildlife species was as follows:  kingfisher > river otter > loon =osprey = mink > bald eagle.


3.2.2 Estimation of Mercury Deposition on a Regional Scale (40 km grid) and Comparison of These
Deposition Data with Species Distribution Information 


The second type of analysis was carried out on a regional scale.  A long-range atmospheric
transport model (RELMAP) was used in conjunction with the mercury emissions inventory provided in
Volume II of this Report to generate predictions of mercury deposition across the continental U.S. 
Ecosystems subject to high levels of mercury deposition will be more exposed to mercury than
ecosystems with lower levels of mercury deposition.  The pattern of mercury deposition nationwide,
therefore, will influence which ecoregions and ecosystems might be exposed to hazardous levels of
mercury.  Thus, predictions of mercury deposition were compared with the locations of major lakes and
rivers, national resource lands, threatened and endangered plant species and the distributions of selected
piscivorous wildlife species.  Volume VI contains maps of these distributions.  Additionally, mercury
deposition data were superimposed onto a map of surface waters impacted by acid deposition, because it
has been shown that low pH values are positively correlated with high levels of mercury in fish.  The
extent of overlap of selected species distributions with areas receiving high rates of deposition (>5
µg/m ) was characterized.2


Avian wildlife considered in this analysis included piscivorous species with habitats that are
widely distributed (kingfishers) and narrowly distributed (bald eagles), as well as birds whose range fell
within areas of high mercury deposition (ospreys and common loons).  All the birds selected were
piscivores that feed at or near the top of aquatic food chains and are therefore at risk from biomagnified
mercury.  Two of the mammals selected for this analysis (mink and river otters) are piscivorous and
widely distributed.  The other mammal selected, the Florida panther, is not widely distributed but is listed
as an endangered species.  The Florida panther lives in an environment known to be contaminated with
mercury and preys upon small mammals (such as raccoons), which may contain high tissue burdens of
mercury.  Results for each avian and mammalian species are summarized in Table 3-1.


Approximately 29% of the kingfisher's range occurs within regions of high mercury deposition.
On a nationwide basis, mercury does not appear to be a threat to this species.  However, kingfishers
consume more mercury on a body weight basis than any other wildlife species examined.
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Table 3-1
Percent of Species Range Overlapping


 with Regions of High  Mercury Deposition


Species
Percent of Range


Impacted


Kingfisher 29%


Bald Eagle 34%


Osprey 20%


Common Loon 40%


Florida Panther 100%


Mink 35%


River Otter 38%


Although a recovery in the
population of bald eagles in some areas
has resulted in a status upgrade from
"endangered" to "threatened" in five
states (Michigan, Minnesota, Oregon,
Washington and Wisconsin), bald eagle
populations are still depleted
throughout much of their historical
range.  Bald eagles can be found
seasonally in large numbers in several
geographic locations, but most of these
individuals are transient, and the overall
population is still small.  Historically,
eagle populations in the lower 48 states
have been adversely impacted by the
effects of bioaccumulative
contaminants (primarily DDT and
perhaps also PCBs).  Approximately
34% of the bald eagle's range overlaps
mercury regions of high mercury
deposition.  Areas of particular concern
include the Great Lakes region, the northeastern Atlantic states and south Florida.


Nationwide, approximately 20% of the osprey's total range overlaps regions of high mercury
deposition; however, a much larger fraction of the osprey's eastern population occurs within these
regions.  The osprey diet consists almost exclusively of fish.  Their position at the top of the aquatic food
chain places ospreys at risk from toxins that bioaccumulate.  Osprey populations underwent severe
declines during the 1950s through the 1970s due to widespread use of DDT and related compounds.


Nearly 40% of the loon's range is located in regions of high mercury deposition.  Limited data
from the study of mercury point sources showed that loon reproductive success was negatively correlated
with exposure to mercury in a significant dose-response relationship.  Mercury residues in fish collected
from lakes used as loon breeding areas may, in some cases, exceed levels that, on the basis of other
information, are associated with reproductive impairment.  Loons frequently breed in areas that have
been adversely impacted by acid deposition.  An assessment of mercury’s effects on loon populations is
complicated by the fact that decreases in surface water pH have been associated with both increased
mercury residues in fish and declines in the available forage base.


All (100%) of the panther’s range falls within an area of high mercury deposition.  Mercury
levels found in tissues obtained from dead panthers are similar to levels that have been associated with
frank toxic effects in other feline species.  The State of Florida has taken measures to reduce the risk to
panthers posed by mercury.  Existing plans include modification of surface vegetation to increase the
number of deer available as prey in order to reduce the reliance of panthers on raccoons.  Raccoons
frequently feed at or near the top of aquatic food webs and can accumulate substantial tissue burdens of
mercury.  An evaluation of the risk posed by mercury to the Florida panther is complicated by the
possible impacts of other chemical stressors, habitat loss, and inbreeding.
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Approximately 35% of the range of mink habitat coincides with regions of high mercury
deposition nationwide.  Mink occupy a large geographic area and are common throughout the U.S. 
Given the opportunity, mink will prey on small mammals and birds.  Many subpopulations, however,
prey almost exclusively on fish and other aquatic biota.  Due to allometric considerations, mink may be
exposed to more mercury on a body weight basis than larger piscivorous mammals feeding at higher
trophic levels.  Mercury residues in wild-caught mink have been shown in several cases to be equal to or
greater than levels associated with toxic effects in the laboratory.


River otter habitat overlaps regions of high mercury deposition for about 14% of the range for
this species.  River otters occupy large areas of the U.S., but their population numbers are thought to be
declining in both the midwestern and southeastern states.  The river otter's diet is almost exclusively of
aquatic origins and includes fish (primarily), crayfish, amphibians and aquatic insects.  The consumption
of large, piscivorous fish puts the river otter at risk from bioaccumulative contaminants including
mercury.  Like the mink, mercury residues in some wild-caught otters have been shown to be close to,
and in some cases greater than, concentrations associated with frank toxic effects.


3.2.3 Estimation of Mercury Exposure on a Local Scale in Areas Near Emissions Point Sources 


A final analysis was conducted using a local-scale air atmospheric fate model (GAS-ISC3), in
addition to the long-range transport data and an indirect exposure methodology, to predict mercury
concentrations in water and fish under a variety of hypothetical emissions scenarios.  GAS-ISC3
simulated mercury deposition originating from model plants representing a range of mercury emissions
source classes.  The four source categories were selected based on their estimated annual mercury
emissions or their potential to be localized point sources of concern.  The categories selected were these: 
municipal waste combustors (MWCs), medical waste incinerators (MWIs), utility boilers, and chlor-
alkali plants. To account for the long-range transport of emitted mercury, the 50th percentile RELMAP
atmospheric concentrations and deposition rates were included in the estimates from the local air
dispersion model. To account for other sources of mercury, estimates of background concentrations of
mercury were also included in this exposure assessment.


These data were used to estimate the contributions of different emission source types to mercury
exposure of selected wildlife species.  It was concluded from this analysis that local emissions sources
have the potential to increase significantly the exposure of piscivorous birds and mammals to mercury.
Important factors related to local source impacts include quantity of mercury emitted by the source,
species and physical form of mercury emitted, and effective stack height. The extent of this local
contribution depends, in turn, upon watershed characteristics, facility type, local meteorology, and
terrain.  The exposure of a given wildlife species is also highly dependent upon the fish bioaccumulation
factor, the trophic level(s) at which it feeds and the amount of fish consumed per day.


The accumulation of methylmercury in fish tissues appears to be highly variable across bodies of
water; field data were determined to be sufficient to calculate representative means for different trophic
levels. The variability can be seen in the distribution of the methylmercury bioaccumulation factors
(BAF) for fish in trophic levels 3 and 4. These values, summarized in Table 3-2 below, were derived
from field studies. These means are believed to be better estimates of mercury bioaccumulation in natural
systems than values derived from laboratory studies.
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Table 3-2
Percentiles of the Methylmercury Bioaccumulation Factor


Parameter
Percentile of Distribution


5th 25th 50th 75th 95th


Trophic 3 BAF 4.6 x 10 9.5 x 10 1.6 x 10 2.6x10 5.4x105 5 6 6 6


Trophic 4 BAF 3.3x10 5.0x10 6.8x10 9.2x10 1.4x 106 6 6 6 7


3.3 Effects Assessment for Mercury


Due to the broad range and extent of mercury emissions throughout the United States, many
potential ecological effects could have been considered.  Neither the available data nor existing
methodology supported evaluation of all possible effects.


The ecosystem effects of mercury are incompletely understood.  No applicable studies of the
effects of mercury on intact ecosystems were found.  The ecological risk assessment for mercury did not,
therefore, address effects of mercury on ecosystems, plant and animal communities or species diversity. 
Effects of methylmercury on fish and other aquatic biota were also not characterized, although there is
evidence of adverse impacts on these organisms following point source releases of mercury and in
aquatic environments affected by urban runoff.


Data on methylmercury effects in wildlife suitable for dose-response assessment are limited to
what are termed "individual effects" in the U.S. EPA Framework for Ecological Risk Assessment (U.S.
EPA, 1992a).  A reference dose (RfD), defined as the chronic NOAEL, was derived for avian species
from studies by Heinz (1975, 1976a,b, 1979) in which three generations of mallard ducks (Anas
platyrhychos) were dosed with methylmercury dicyandiamide.  The lowest dose, 0.5 ppm (64 µg/kg
bw/d), resulted in adverse effects on reproduction and behavior and was designated as a chronic LOAEL. 
A chronic NOAEL was estimated by dividing the chronic LOAEL by a LOAEL-to-NOAEL uncertainty
factor of 3.  Calculated in this manner, the RfD for avian wildlife species is 21 µg/kg bw/d.


The RfD for mammalian species was derived from studies involving subchronic exposures with
mink (Wobeser, 1973, 1976a,b), in which animals were dosed with mercury in the form of mercury-
contaminated fish.  The dose of 0.33 ppm (55 µg/kg bw/d) was selected as the NOAEL for subchronic
exposure.  As this was less than a lifetime exposure, the subchronic NOAEL was divided by a
subchronic-to-chronic uncertainty factor of 3.  Calculated in this manner, the RfD for mammalian
wildlife species is 18 µg/kg bw/d.


3.4 Risk Assessment for Mercury


As discussed in Section 3.1, an effort was made to derive a WC value for mercury that is
protective of piscivorous wildlife.  In general, selections of wildlife species for WC development were
based on the following factors:  (1) exposure to bioaccumulative contaminants; (2) relevance to
establishing species of concern on a national basis; (3) availability of information with which to calculate
criterion values; and (4) evidence for bioaccumulation and/or adverse effects. The species selected were
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piscivorous birds and mammals.  Avian species were the bald eagle (Haliaeetus leucocephalus), the
osprey (Pandion haliaetus), common loon (Gavia immer) and the belted kingfisher (Ceryle alcyon). 
Mammalian species were the mink (Mustela vison) and the river otter (Lutra canadensis).


Because this assessment depends to a large extent on the assignment of BAFs for mercury in fish
at trophic levels 3 and 4, an effort was made to review published field data from which these BAFs could
be estimated.  A Monte Carlo analysis was then performed to characterize the variability around these
estimates.  The results of this effort are reported in Appendix D of Volume III and are summarized in
Table 3-2.


A WC value for mercury was estimated as the ratio of an RfD, defined as the chronic NOAEL (in
µg/kg bw/d), to an estimated mercury consumption rate, referenced to water concentration using a BAF. 
Individual wildlife criteria are provided in Table 3-3.  This approach is similar to that used in non-cancer
human health risk assessment and was employed previously to estimate a WC for mercury in the Water
Quality Guidance for the Great Lakes System (GLWQI).  The present effort differs, however, from that
of the GLWQI in that the entire analysis was conducted on a methylmercury basis.  Additional
differences resulted from the availability of new data, including measured residue levels in fish and
water, and a re-evaluation of the toxicity data from which RfD estimates were derived.  In this Report, a
more sensitive endpoint was selected for mammalian species, with the goal of assessing the full range of
effects of mercury.  These changes reflect the amount of discretion allowed under Agency Risk
Assessment Guidelines.


Table 3-3
Wildlife Criteria for Mercury


Organism Wildlife Criterion (pg/L)


Mink 57


River otter 42


Kingfisher 27


Loon 67


Osprey 67


Bald eagle 82


Species-specific WC values for mercury were estimated for selected avian and mammalian
wildlife (identified above).  A final WC was then calculated as the lowest mean of WC values for each of
the two taxonomic classes (birds and mammals).  The final WC for mercury was based on individual WC
values calculated for avian species, and was estimated to be 50 picograms (pg) methylmercury/L water.


The WC for methylmercury can be expressed as a corresponding mercury residue in fish though
the use of appropriate BAFs.  Using the BAFs presented in Table 3-2 (50th percentile), a WC of 50 pg/L
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corresponds to methylmercury concentrations in fish of 0.077 µg/g and 0.346 µg/g for trophic levels 3
and 4, respectively.  In addition, a WC for total mercury can be calculated using an estimate of
methylmercury as a proportion of total mercury in water.  Based upon a survey of speciation data, the
best current estimate of methylmercury as a proportion of total was determined to be 0.078.  Using this
value, a methylmercury WC of 50 pg/L corresponds to a total mercury WC of 641 pg/L.


3.5 Risk of Mercury from Airborne Emissions to Piscivorous Avian and Mammalian Wildlife


3.5.1 Lines of Evidence


Barr (1986) found that 0.3 ppm of mercury in trophic level 3 fish caused adverse effects on
reproduction in common loons.  In this Report, an effort was made to calculate a WC for mercury which,
if not exceeded, would be protective of piscivorous birds and mammals.  The mercury residue in trophic
level 3 fish that corresponds to this WC is 0.077 ppm, or about one-fourth the effect level identified by
Barr (1986).  Based upon a review of two national surveys, the average value for trophic level 3 fish in
the continental U.S. was estimated to be 0.052 ppm; however, these surveys may have overestimated the
true national average due to a bias toward waters receiving municipal and industrial waste.  Nevertheless,
recent surveys of lakes that do not receive point source loadings have yielded residue values in forage
fish exceeding 0.077 ppm, particularly in regions already impacted by acid deposition (see for example
Gerstenberger et al., 1993; Simonin et al., 1994; Driscoll et al., 1994; Lange et al., 1993; Cabana et al.,
1994).  Although it is difficult to precisely determine an adverse effects level for mercury in forage fish
consumed by piscivorous wildlife, this value appears to lie in the range 0.077-0.30 ppm.  The exact level
may also vary to some degree depending upon the species in question and specific environmental factors.


The effects data, though limited, are remarkable for their consistency; RfDs derived for birds and
mammals (mink and domestic cats) are essentially identical.  Very few uncertainty factors were used in
these calculations, and the uncertainty factor values were small.  In addition, the estimated value of UFL


(used to adjust the TD for avian species) was supported by several sources of data.  Finally, it should be
noted that all wildlife RfDs are greater than the RfD for human health by a factor of about 200 (RfD for
human health = 0.1 µg/kg bw/d; see Volume IV).  As noted previously, the human health assessment
differs from the wildlife assessment in its consideration of subtle cognitive impacts.  The possibility also
exists that humans are more sensitive than piscivorous wildlife on a delivered dose basis, perhaps due to
differences in ability to detoxify methylmercury.  Nevertheless, the WC for mercury is unlikely to be
grossly �overprotective� (i.e., too low) and may, in some instances, be �underprotective.�  


3.5.2 Risk Statements


Given the national-scale scope of this Report, quantitative estimates of risk are not possible or
appropriate.  It is notable, however, that hazard quotients derived by other authors for mink (Giesey et
al., 1994) and great egrets (Jurczck, 1993) ranged from 1.2 to 6.6.  Such calculations suggest the
possibility of local impacts on these two highly exposed populations.  As indicated previously, fish
residues in some areas exceed calculated WC values for trophic levels 3 and 4.  It should be emphasized
that these WC values were calculated using geometric mean BAF values; thus, BAFs were higher in
approximately half of the systems for which field-data were available.  For this reason, and given the
small difference between effect (0.3 ppm) and no-effect (0.077 ppm) residue levels, it is likely that
individuals of some highly exposed subpopulations (birds and mammals) are consuming fish at or very
near adverse effect levels.  Additional work is required to establish whether and to what extent impacts
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are occurring, and what effect local-scale impacts may have on larger species populations.  Existing data
are insufficient to speculate on the spatial or temporal scale of these possible adverse effects or the
potential for recovery.  However, the risk of adverse effects is great enough to warrant intensified study
of highly exposed wildlife subpopulations, particularly in areas near mercury emissions point sources. 
Finally, the data suggest that special attention should be given to the possibility that mercury acts in
concert with other bioaccumulative contaminants (e.g., PCBs, TCDD) to produce toxic effects at residue
levels that, when evaluated separately, would not indicate a problem.
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4. CHARACTERIZATION OF FATE OF ENVIRONMENTAL MERCURY  


Measured mercury data collected around U.S. anthropogenic sources are described in Volume III
of this Report.  The lack of key data, such as data describing chemical reactions of emitted mercury in the
local atmosphere, as well as of the lack of more comprehensive data collections around specific sources,
resulted in a decision by U.S. EPA to employ a series of environmental fate models and a series of
exposure models (Volume IV). These models are sets of mathematical equations which represent the
Agency’s understanding of the fate of environmental mercury.  As a predictive tool employed in this risk
assessment, environmental fate models provided critical findings from the standpoint of:  1) presenting a
framework of understanding of how mercury cycles in the environment and the impacts of anthropogenic
sources on the cycle, 2) estimating concentrations of environmental mercury including the sources of the
predicted environmental concentrations, and 3) highlighting key areas of uncertainty.  The implications
of the uncertainties are critical to the interpretation and weight placed on the model predictions within
the risk characterization.  The results from these analyses are then applied in the exposure assessments
presented in Volumes IV and VI to estimate the resulting exposures to hypothetical humans and animals
that inhabit these sites.


Other models were considered during the development of this Report.  The models utilized were
selected because they best fit the Agency’s understanding of this area and could be utilized within the
project limits of both time and budget.  Various factors precluded the use of other models: scientific data
limitations associated with inputs needed for other models as well as other resources needed to
develop/enhance/parameterize other quantitative models. The application of the models to hypothetical
U.S. sites and to representative anthropogenic emissions sources was consistent with the goals of a
national assessment as laid out by the Congressional mandate, the resource limitations of the project, and
the variability of mercury fate as evidenced at specific sites.


4.1 The Modeling Analysis


4.1.1 Study Design of the Modeling Analysis


Given the scientific uncertainties associated with the fate of environmental mercury, U.S. EPA
decided that it was most appropriate to examine the environmental fate of mercury at generalized, rather
than specific, sites.  Evidence indicated that spatial and temporal scales of atmospheric mercury transport
differed for atmospheric mercury species as well as different atmospheric forms (i.e., gas and
particulate). A single air model which was capable of modeling both the local as well as regional fate of
mercury was not identified.  This resulted in the use of two air models:  Regional Lagrangian Model of
Air Pollution (RELMAP) — for assessing regional scale atmospheric transport, and ISC3 — for local
scale analyses.  Evidence indicated that mercury exposures could occur through multiple exposure routes
(see Figure 4-1).  Two routes were modeled for humans — inhalation and ingestion — while for
piscivores, only the ingestion route was modeled.  Although other routes such as terrestrial exposures
were considered,  the most important exposure pathway appeared to be:


atmospheric deposition �watershed �water body�fish�piscivorous receptor.


To examine multiple pathways of exposure, U.S. EPA modified an existing generalized watershed and
water body fate model to evaluate this pathway and other indirect pathways; the modified model is
identified as IEM-2M (see Table 4-1). 
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Two generalized sites were developed for this risk assessment — a hypothetical western U.S. site
and a hypothetical eastern U.S. site.  The primary differences between the two hypothetical locations
were the assumed erosion characteristics for the watershed and the amount of dilution flow from the
water body.  The eastern site was defined to have steeper terrain in the watershed than the western site. 
Both sites were assumed to have flat terrain for purposes of the atmospheric modeling.  The contributions
of the RELMAP model to the eastern site were greater than to the western site due to the smaller number
of anthropogenic sources per unit area in the west and less annual precipitation.  The background
concentrations in all environmental compartments, except for the atmosphere, were also assumed to be
higher in the eastern United States than in the west.


In the first step of this risk assessment, RELMAP was used to simulate the regional-scale
transport of anthropogenic mercury emissions over a one-year period.  The predicted anthropogenic
mercury emissions were added to a uniform elemental mercury background concentration of 1.6 ng/m3


representing natural and recycled anthropogenic sources of mercury worldwide.


In the second step of this risk assessment, ISC3 was used to simulate the local-scale transport of
anthropogenic mercury emissions.  Rather than use specific mercury-emitting facilities for this
assessment, a set of model plants was defined to represent typical rather than high-end source
characteristics.  The major anthropogenic combustion and manufacturing source categories evaluated
were municipal waste combustors (MWCs), medical waste incinerators (MWIs), coal- and oil-fired
utility boilers, and chlor-alkali plants.  (The Report does not address all anthropogenic emission sources.) 
The hypothetical sites were placed at 2.5, 10, and 25 kilometers from the sources (model plants). 
Predicted mercury air concentrations and deposition rates that resulted from individual model plants were
modeled using ISC3 at the specified distances. 


To obtain the total atmospheric impact at a site, the 50th or 90th percentile predictions of the
RELMAP model for the western or eastern sites were added to the predictions of the local atmospheric
model (ISC3) for the individual model plants.  These combined model predictions of average
atmospheric concentrations and annual-average deposition fluxes were used as inputs to the IEM-2M
aquatic and terrestrial fate models at the hypothetical western and eastern U.S. sites. 
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Table 4-1
Models Used in the Report to Congress


Model Function


RELMAP Predict average annual atmospheric mercury concentrations as well as
wet and dry deposition flux for 40 km  grids across the continental2


United States.  Model predictions were based on anthropogenic
emissions from the sources described in Volume II, Inventory of
Anthropogenic Mercury Emissions in the United States.


ISC3 Predict average annual atmospheric mercury concentrations as well as
the wet and dry deposition fluxes that result from emissions within 50
km of a single source.


IEM-2M Predict environmental media concentrations and the exposures that result
from atmospheric mercury concentrations and deposition.


In the third step of this risk assessment, IEM-2M was utilized to predict mercury species
concentrations in watershed soils, the water column and sediments of the hypothetical lake, and
terrestrial and aquatic biota.  A significant input to the IEM-2M model was the estimate of existing
mercury concentrations in environmental media.  To determine existing background concentrations in
soil, water, and sediments, U.S. EPA estimated current “background” atmospheric concentrations and
deposition rates to the hypothetical western and eastern sites.  IEM-2M was then run until each site had
achieved equilibrium with the specified atmospheric background conditions.


At both hypothetical sites, the fate of deposited mercury was examined in three different settings: 
rural (agricultural), lacustrine (or around a water body), and urban.  The primary differences between the
urban and rural settings were the three hypothetical humans assumed to inhabit each.  In addition to three
different hypothetical human inhabitants, the lacustrine setting included the modeling of a circular
drainage lake with a diameter of 1.68 km, average depth of 5 m, and a 2 cm upper benthic sediment layer. 
The ratio for the watershed area to surface water area was 15 to 1, giving a watershed area of 33 km . 2


Piscivorous wildlife species were also assumed to inhabit the lacustrine setting, including mink, otter,
bald eagle, osprey and kingfisher; all were assumed to consume fish from the hypothetical lake in this
setting.


The fourth step of this risk assessment, the predictions of mercury concentrations in soil, water,
and biota were then used as inputs to the exposure assessment, as described in Volumes IV and V of this
Report.







Local Hg Source


Figure 4-1
Fate, Transport and Expsoure Modeling Conducted in the Combined ISC3 and RELMAP Local Impact Analysis
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4.1.2 Long-Range Atmospheric Transport Analysis


The long-range transport modeling was undertaken to estimate the regional and national impacts
of mercury emissions to the atmosphere.  It estimates the long-range atmospheric transport of mercury
and the impact of mercury across the continental United States.  The bases of this modeling were
assumptions concerning the atmospheric chemistry of emitted elemental mercury (Petersen et al., 1995)
and the numerous studies linking increased mercury levels in air, soil, sediments and biota at remote sites
to distant anthropogenic mercury release followed by long range transport.  Details of several studies
which demonstrate the long-range transport of mercury are presented in this Volume III; these studies
provide ample evidence to justify an assessment of long-range mercury transport.


The long-range transport of mercury was modeled using site-specific, anthropogenic emission
source data (presented in Volume II of this Report) to generate mean, annual atmospheric mercury
concentrations and deposition values across the continental United States.  The Regional Lagrangian
Model of Air Pollution (RELMAP) atmospheric model was utilized to model annual mercury emissions
from multiple mercury emission sources.  Assumptions were made concerning the form and species of
mercury emitted from each source class.  The results of the RELMAP modeling were utilized in these
ways.  First, the predicted atmospheric mercury concentrations and deposition rates were used to identify
patterns across the United States.  Secondly, the continental U.S. was divided into western and eastern
halves along 90 degrees west longitude, and the 50th and 90th percentiles of the predicted atmospheric
concentrations and deposition rates were then used as inputs in the indirect exposure models to examine
the impacts of long range transport of emissions. 


4.1.3 Analysis of Local-Scale Fate of Atmospheric Mercury


An analysis of the local atmospheric transport of mercury released from anthropogenic emission
sources was undertaken to estimate annual average atmospheric concentrations and annual deposition
rates of mercury that result from selected, individual sources.  A publicly-available version of the  ISC3
model was modified slightly and utilized to model these processes.  Meteorologic data for one year were
input into the model along with data from the model plants (hypothetical facilities).  This approach was
selected because some environmental monitoring studies described in Volume III suggest that measured
mercury levels in environmental media and biota may be elevated in areas around stationary industrial
and combustion sources known to emit mercury.  The outputs of the model — air concentrations and
deposition rates — were used in conjunction with the RELMAP predictions as inputs to the hypothetical
watershed and water body.


The hypothetical sites were assumed to have flat terrain. This assumption simplified the analysis
and site comparisons. Predicted impacts at locations with elevated terrain would generally have been
higher than those with locations exhibiting flat terrain.


4.1.4 Assessment of Watershed and Water Body Fate 


Atmospheric concentrations and deposition rates were used as inputs to a series of terrestrial and
aquatic models originally described in U.S. EPA's (1990) Methodology for Assessing Health Risks to
Indirect Exposure from Combustor Emissions and a 1994 Addendum (referred to as IEM2).  These model
algorithms were further refined in this assessment and now referred to as IEM-2M.  This model was used
to estimate mercury concentrations in soil, water and biota based on both regional and local-scale
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estimates of atmospheric concentrations of mercury and mercury deposition.  The two integrated modules
that comprise IEM-2M simulate mercury fate using mass balance equations describing watershed soils
and a shallow lake.  IEM-2M simulates three chemical components — elemental mercury, Hg , divalent0


mercury, HgII, and methylmercury, MHg.  Mass balances are performed for each mercury component,
with internal transformation rates linking Hg , HgII, and MHg.0


Mercury residues in fish were estimated by making the simplifying assumption that aquatic food
chains can be adequately represented using four trophic levels:  level 1 - phytoplankton (algal producers);
level 2 - zooplankton (primary herbivorous consumers); level 3 - small forage fish (secondary
consumers); and level 4 - larger, piscivorous fish (tertiary consumers).  This type of food chain typifies
the pelagic assemblages found in large freshwater lakes, and has been used extensively to model
bioaccumulation of hydrophobic organic compounds.  It is recognized, however, that food chain structure
can vary considerably among aquatic systems resulting in large differences in bioaccumulation in a given
species of fish.  The second simplifying assumption used in this effort was that methylmercury
concentrations in fish are directly proportional to dissolved methylmercury concentrations in the water
column.  It is recognized that this relationship can vary widely among both physically similar and
dissimilar water bodies.


The results of these terrestrial and aquatic models were used to predict mercury exposure to
hypothetical humans through inhalation, consumption of drinking water and ingestion of soil, farm
products (e.g., beef product and vegetables) and fish (Volume IV).  These models were also used to
predict mercury exposure in hypothetical piscivorous (i.e., fish-eating) birds and mammals through their
consumption of fish.  The results of these models are utilized in the ecological assessment completed in
Volume VI.


4.2 Important Uncertainties Identified in Environmental Fate Modeling


The analysis relied heavily on the modeling of the fate and transport of emitted mercury because
no monitoring data have been identified that conclusively demonstrate or refute a relationship between
any of the individual anthropogenic sources in the emissions inventory and increased mercury
concentrations in environmental media or biota.  To determine if there is a connection between the above
sources and increased environmental mercury concentrations, three models were utilized to address many
major scientific uncertainties.


Volume III and the appendices describe at length the justification for choices of values for model
parameters, such as the amount of precipitation, various transformation rates, and the bioaccumulation
factor.  In this section of the Risk Characterization, several of the major areas of uncertainty are
highlighted without reiteration of the entire list of parameter justifications generated in Volume III. 
Obviously, when models are utilized, there is an uncertainty associated with the internal assumptions and
equations that constitute the model structure itself.


4.2.1 Emissions Uncertainties


Physical characteristics of anthropogenic emission sources vary.  There is general understanding
of how these variations of physical characteristics affect dispersion of emitted mercury.  The following
characteristics affect mercury emission rates: the combustion material or in the case of the chlor-alkali
facility the process materials, pollution control equipment, and plant capacity factor (relative average
operating hours per year).
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The species and form (vapor or particulate) of mercury emitted from the stack are critically
important to predictions of deposition by the air models.  The data that have been collected to date are
limited and the methods to determine the speciation of emitted mercury are still being developed.  There
is substantial variation in the mercury content of the feed mixes that enter combustors.  Emissions of
mercury (including the divalent mercury species, and elemental mercury in various speciation
percentages) are influenced by the type of fuel used (e.g., coal, oil, municipal waste), flue gas cleaning
and operating temperatures.  To the extent that these factors vary in a facility, chemical characteristics of
mercury emissions will vary.  Consequently, the exit stream can range from nearly all elemental mercury
to nearly all divalent mercury, contributing to the variability in atmospheric fate of mercury. 


The chemical species released from anthropogenic sources are expected to determine the
atmospheric fate and transport characteristics of the emissions.  Modeling of the exact chemical species
(e.g., HgCl , Hg(OH) ) was not attempted.  It is possible to break the divalent mercury species down2 2


further, for example, into reactive, non-reactive, or particle-bound.  This was infrequently measured for
the sources considered, which contributes to both variability and uncertainty in the results of the
atmospheric modeling.  Determining the concentration and speciation of mercury in stack emissions is
also complicated by sampling difficulties related to identification of the chemical species in the emitted
gas.  Sampling procedures may alter the physical characteristics of the emitted mercury.  To the extent
that the chemical species are uncertain and variable, the predictions of atmospheric transport are
uncertain and variable.  The modeled mercury deposition rates depend on species and form of mercury
emitted, stack height, stack diameter, exit gas velocity, stack gas temperature, plant capacity factor
(relative average operating hours per year), stack mercury concentration, and combustion material.  In the
analysis the physical characteristics that were predicted to have the greatest impact on the modeling of
atmospheric transport of mercury were chemical species of mercury emitted, exit gas velocity and stack
height.


4.2.2 Atmospheric Reactions of Emitted Mercury


Atmospheric chemistry data for mercury are incomplete.  Some atmospheric reactions of
mercury,  such as the oxidation of elemental mercury to divalent mercury in cloud water droplets have
been reported and have been incorporated into the modeling.  Other chemical reactions in the atmosphere
such as those which may reduce divalent species to elemental mercury or processes by which mercury
attaches to atmospheric particulates have not been adequately reported.  Modeled results depend on the
assumptions used to represent these atmospheric processes.  An important assumption utilized in the
Report is that 25% of the emitted divalent mercury binds to existing atmospheric particles in the plume;
this is based on a small number of measurements and scientific speculation on both the chemistry of
atmospheric divalent mercury and the nature of particulates in the plume.  Fluxes associated with
vegetation also present a source of potential variability and uncertainty.


4.2.3 Deposition of Atmospheric Mercury


There is inadequate information on the atmospheric processes which affect wet and dry
deposition of mercury to compare with model predictions. As a result, model results can not be
completely verified. Atmospheric divalent species of mercury are thought to wet and dry deposit more
rapidly than elemental mercury; however, the specific rates of deposition are uncertain.


Based on experimental data, divalent mercury and particulate-bound mercury will deposit on
land.  The deposition velocity of mercury may differ with chemical species and conditions of land use
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patterns.  The deposition velocity for atmospheric mercury over soil and over water is very poorly
defined.  The following gaps in information result in uncertainties in this risk characterization.


� There is a lack of adequate emission data for various sources, including natural sources. 
This includes emissions data on the amounts of various forms of mercury that may be
emitted from stacks.


� Emissions of particulates from various combustion sources depend on these factors:


— Type of furnace and design of combustion chamber;
— Composition of feed/fuel;
— Particulate matter removal efficiency and design of air pollution control


equipment; and
— Amount of air in excess of stoichiometric amount that is used to sustain


temperature of combustion.


These conditions are highly variable in actual operation of specific incinerators.  Consequently,
emissions of mercury and particulates are highly variable.


� There is a lack of information on the effect of atmospheric transformation processes on
wet and dry deposition; for example, how deposition is affected by the transformation of
elemental mercury to divalent mercury, or vice versa.


� There is no validated air pollution model that estimates local wet and dry deposition of
an emitted gas (such as elemental mercury).


The parameters exerting the most influence on the deposition rates are the following:


� Total mercury emission rate (grams/second);
� Assumption regarding speciation of the total mercury;
� Vapor/particle phase partition estimate;
� Stack height for the plant; and
� Exit gas velocity.


4.2.3.1 Compensation Point


It is recognized that dry deposition of elemental mercury may not occur unless the air
concentration is above a threshold value, which is termed the compensation point.  Results of Hanson et
al. (1995) suggest a threshold of approximately 10 ng/m .  This may depend on factors such as the type of3


vegetation, season, and time of day.  The sensitivity analysis showed that under certain circumstances the
compensation point has substantial importance to deposition of elemental mercury; however, the elevated
deposition of this fraction had very little bearing to overall deposition of total atmospheric mercury.


4.2.3.2 Pollutant Reactivity


A sensitivity analysis conducted on the pollutant reactivity parameter used in the calculation of
dry deposition velocities for divalent mercury vapor showed that the value selected for the modeling,
800, resulted in nearly a maximum deposition rate for mercury.  Pollutant reactivity evaluates the
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resistance of the plant cuticle to vapor deposition in the ISC3 model.  Increasing the value of this
parameter could increase deposition of divalent mercury in plant tissues, as the result of decreasing the
modeled resistance of the plant cuticle to vapor deposition.  The value of 800 for this parameter was
derived from evaluation of nitric acid which was used as a surrogate for divalent mercury vapor. 
Previous uses of the CalPuff model employed a parameter value of 18 for nitric acid.  Increase of this
parameter value from 800 to 800 million results in at most a 10% difference in deposition of divalent
mercury.  In contrast, an increase in this parameter from 18 to 800 often results in a several-fold to a
many-fold increase in deposition.  


If additional empirical data would show that the pollutant  reactivity is less than 800 for divalent
mercury vapor, then the present analysis has led to overestimation of mercury deposition by, at most,
about a factor of five.  An observation in strong support of the deposition results, obtained by setting this
important parameter at the value of 800, is that the average predicted dry deposition velocity for divalent
mercury vapor was about 2.9 cm/s, which is consistent with the table of values used by RELMAP for
coniferous forests.


4.2.4 Mercury Concentrations in Water and Aquatic Biota


The ingestion of contaminated fish was indicated by the modeling to be the most important
exposure pathway for methylmercury.  In general, there is a lack of information characterizing the
movement of mercury from watershed soils to water bodies, species transformation rates, and the uptake
of abiotic mercury to biotic compartments.  There appears to be a great deal of variability in these factors
among watersheds; in the model, mercury concentrations in watershed soils are strongly influenced by
atmospheric loading and soil loss processes, such as reduction of HgII in the upper soil layer and soil
erosion.  Influence of plant canopy and roots in mediating both the loading to the soil and the loss from
the soil, although potentially important, is not well characterized at present.


In the model, total mercury concentrations in a water body are strongly influenced by
atmospheric loading and, for drainage lakes, by watershed loading.  Variations in watershed size and
erosion rates can cause significant variability in lake mercury levels.  Hydraulic residence time, the water
body volume divided by total flow, affects the maximum possible level of total water column mercury for
a given loading rate.  Parameters controlling mercury loss through volatilization and net settling can also
cause significant variations among lakes.  Mercury loss through settling is affected by in situ
productivity, by the supply of solids from the watershed, and by the solids-water partition coefficient. 
Dissolved oxygen concentrations (DOC) can significantly affect partitioning, and thus overall mercury
levels.  Mercury loss through volatilization is controlled by the reduction rate, which is a function of
sunlight and water clarity.  Reduction may also be controlled by pH, with lower values inhibiting this
reaction and leading to higher total mercury levels.
 


In the model, fish mercury levels are strongly influenced by the same factors that control total
mercury levels.  In addition, fish concentrations are sensitive to methylation and demethylation in the
water column and sediments.  A set of water body characteristics appear to affect these reactions,
including DOC, sediment total oxygen concentrations (TOC), sunlight, and water clarity.  Variations in
these properties can cause significant variations in fish concentrations among lakes.  Other factors not
examined in this analysis, such as anoxia and sulfate concentrations, can stimulate methylation and lead
to elevated fish concentrations.  Fish mercury levels are sensitive to factors that promote methyl mercury
mobility from the sediments to the water column; these factors include sediment DOC and sediment-pore
water partition coefficients.
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Bioaccumulation factors (BAFs) were used to estimate fish methylmercury concentrations based
on measured concentrations of dissolved methylmercury in the water column.  The distribution of the
BAFs (Appendix D, Vol. III) was designed to estimate an average concentration of methylmercury in fish
of a given trophic level from an average concentration of dissolved methylmercury in the epilimnion for a
(single) randomly-selected lake in the continental United States.  The large amount of variability
evidenced by the data and reflected in the output distributions arises from several sources, which were
not quantified.  Much of this variability depends on fish age, model uncertainty, and possibly the use of
unrepresentative water column methylmercury measurements in the calculation of the BAFs.


The IEM-2M has not been validated with site-specific data.  The model was benchmarked
against the independently-derived R-MCM, which has itself been calibrated to several Wisconsin lakes. 
When driven by the same atmospheric loading and solids concentrations, IEM-2M predictions of mercury
concentrations compare well with those calculated by R-MCM for a set of Wisconsin lakes. 


4.3 Summary


The uncertainty inherent in the modeled estimates arises from many individual assumptions
present within the three models.  Quantitative estimates for hypothetical sites were developed;
uncertainty in these estimates is acknowledged.  As a result of these uncertainties, U.S. EPA looked to
the model results for an indication of the comparative contribution of regionally transported mercury,
current background mercury, and mercury emitted from a local source.  Consequently, only a qualitative,
rather than quantitative, description of conclusions is presented.  The general framework of
understanding of how mercury cycles in the environment presented in the Report supports the plausibility
of  mercury emissions from anthropogenic sources being linked to concentrations in environmental media
and biota. 
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5. CHARACTERIZATION OF EXPOSURE


In the modeling analysis, three different settings were overlayed on each site:   rural
(agricultural); lacustrine (or water body); and an urban setting.  These were selected because of the
variety they provide and to mimic potential exposure situations likely to be found in the United States. 
Three different hypothetical humans were assumed to reside in each setting (total number was nine). 
Five hypothetical piscivorous wildlife species (described in the preceding chapter) were also assumed to
inhabit the lacustrine setting.


The hypothetical humans were developed to represent several specific subpopulations expected
to have both typical and higher exposure levels.  These individuals were assumed to inhabit each setting. 
The high-end rural scenario consisted of a subsistence farmer and child who consumed elevated levels of
locally-grown food products. The subsistence farmer was assumed to raise livestock and to consume
home-grown meats and animal products, including chickens and eggs, as well as beef and dairy cattle.  It
was also assumed that the subsistence farmer collected rainwater in cisterns for drinking.  The
hypothetical individual used in the average rural scenario was assumed to derive some of his food from a
small garden, but consumed no locally-raised meat products.


In the urban high-end scenario, an adult was assumed to derive some food from a small garden
similar in size to that of the average rural scenario.  To address the fact that home-grown fruits and
vegetables generally make up a smaller portion of the diet in urban areas, the contact fractions were
based on weight ratios of home-grown to total fruits and vegetables consumed for city households.  The
high-end urban scenario included a pica child.  The average urban scenario consisted of an adult who
worked outside of the local area.  The exposure duration for inhalation of the average adult, therefore,
was only 16 hours a day compared to the 24 hours a day for the rural scenario and high-end urban
scenario.  The only other pathway (i.e., non-inhalation) considered for this scenario was ingestion of
average levels of soil.


Three fish-consumption scenarios for humans were considered for the lacustrine setting.  For the
adult high-end fish consumer scenario (or subsistence fisher), an individual was assumed to ingest large
amounts of locally-caught fish, to eat home-grown garden produce (plant ingestion parameters identical
to the rural home gardener scenario), to consume drinking water from the affected water body and to
inhale the air on a 24-hour basis.  A child of a high-end local fish consumer was assumed to ingest local
fish, local garden produce, and soil as well as to inhale the affected air.  The exposure pathways
considered for recreational angler scenario evaluated only fish ingestion, inhalation, and soil ingestion. 
These consumption scenarios were thought to represent identified fish-consuming subpopulations in the
United States.


Piscivorous birds and mammals were also assumed to inhabit areas adjacent to the hypothetical
lakes considered.  The piscivorous animals were exposed to be mercury only through the consumption of
fish from the lake.  The five wildlife species were not selected because they were more sensitive to
methylmercury exposure than other wildlife, but rather on the basis of exposure.  Fish-consuming species
were, thus, the only groups considered in this assessment.  All six wildlife species were assumed to
consume fish from trophic levels 3 and/or 4 and to inhabit the aquatic environment modeled for a
lifetime.  Mercury concentrations in food sources other than fish and migratory behaviors were not
considered. 
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The predicted mercury concentrations and mercury exposures modeled for each site reflected
inputs from (1) a single local anthropogenic source, (2) regional atmospheric transport, and (3) an
estimate of the existing background concentrations.  As noted in the previous chapter, many factors in the
analysis affected the predicted concentrations and the resulting exposures.  As a result of the uncertainty
in the predicted concentrations, the conclusions developed from the exposure modeling were qualitative. 


Because of the hypothetical nature of both the individual humans and the sites that were
considered, estimates of exposures to mercury resulting from the consumption of non-local fish and from
occupational exposures were not added to the exposure estimates developed in Volume III.  These
sources of mercury exposure may be significant, and for a site-specific assessment, it may be appropriate
to consider these sources for members of an exposed subpopulation.  In fact, for the fraction of the
human population that consumes marine fish, this is the primary exposure pathway for methylmercury.


5.1 Individual Human Results


5.1.1 Predicted Inhalation Exposures


  Inhalation exposure are predicted to be primarily to elemental mercury.   In the modeling
analysis, local sources accounted for less than 50% of total mercury exposure due to inhalation; the only
exception to this result was for humans located 2.5 km from the chlor-alkali plant. The primary source of
inhalation exposure is based on  predictions from the long-range atmospheric transport model.  The
results of the models indicate that, on an annual average basis, local atmospheric sources do not
contribute significantly to atmospheric mercury concentrations at a distance of 2.5 km or greater.  The
inhalation route is rarely predicted to be the dominant pathway of total mercury exposure when compared
to indirect exposure.  The exception is the “urban average adult” exposure, in which the only non-
inhalation exposure pathway is ingestion of average amounts of soil in the impacted area.  The
insignificance of exposure through the inhalation route when compared to ingestion routes was described
previously by the WHO (WHO, 1990).  


5.1.2 Predicted Terrestrial Food Chain Results


Local anthropogenic emission sources, in general, accounted for less than 10% of the total
mercury exposure for the agricultural scenarios; contributions from regional sources (RELMAP) and
estimated background were much greater.  The dominant mercury exposure pathway within the terrestrial
food chain is:  atmospheric mercury � green plants � human consumption.  The soil mercury � green
plant pathway is, on the whole, much less important.  The contribution of a local source to the more
important pathway is roughly equivalent to the impact of the local source on the air concentration.  Only
the chlor-alkali plant contributes more than 20% (at 2.5 km and 10 km).  Divalent mercury accounts for
approximately 90% of the total mercury intake for the agricultural scenarios, with the remainder being
methylmercury.  This partitioning reflects the predicted speciation of mercury in the ingested plant and
animal products. 


The differences between facilities are due to differences in parameters that affect effective stack
height, and the total mercury emission rate.  The speciation of mercury emissions is not an important
factor because the speciation only affects the predicted deposition rates, not the total mercury air
concentrations.  
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5.1.3. Predicted Soil Ingestion Results


 The contributions of the local source on the soil concentrations are driven by the mercury
deposition rates.  The predicted mercury deposition rates are generally dependent on the speciation of
mercury emissions.  The contribution of the local source when pica behavior is exhibited (urban high end
child) reflects the contribution of the local source to the soil concentration. The primary species of
mercury from this pathway is divalent mercury. The highest predicted exposure from soil ingestion,
0.0002 mg/kg/day, occurs in the child at the eastern site and at 2.5 km from the chlor-alkali plant (90th
Percentile RELMAP); approximately 80% of the mercury is the result of the chlor-alkali plant emissions.
For most other sources, exposures are at least an order of magnitude lower and the percent contributions
from the local sources are also lower, except at the western site.


5.1.4 Fish Ingestion Scenarios


Among the individual exposure pathways modeled, the pathway consisting of — atmospheric
mercury deposition � watershed soil � dissolved methylmercury in water column � methylmercury in
fish through the bioaccumulation factor (BAF) � human fish consumption — dominates all others on a
total mercury exposure per kg body weight basis.  This pathway is predicted to be the primary source of
methylmercury to humans.  This is primarily the result of the large values used for the bioaccumulation
factor (See Appendix D of Volume III).


Predicted methylmercury exposures are largely dependent on the model plant parameters
affecting total mercury deposition such as total mercury in emissions, percent divalent mercury, and
effective stack height.  The fish concentrations are driven by the predicted dissolved methylmercury
concentrations in the surface water, which themselves are driven by the watershed soil concentrations
and the waterbody atmospheric mercury deposition rate.


For several of the facilities at both the eastern and western sites, the majority of the exposure to
mercury is predicted to be due to the local source for the waterbody located 2.5 km from the facility. 
This is also true for some facilities at both 10 km and 25 km.  These results reflect the contribution of the
local source to total mercury deposition onto the waterbody and the watershed soils.


The contribution of the local source is larger (on a percentage basis) at the western site because
both the regional and pre-industrial deposition rates are lower than at the eastern site, while the results
for the local source (using ISC) are more similar.  However, the total mercury exposure is approximately
twice as low at the drier western site compared to the eastern site due primarily to differences in
meteorology. 


It is important to note that the only source of fish in the diets of both the high-end fish consuming
adult and children as well as the recreational angler is the local lake.  These individuals may represent
real humans with monotonous diets.  Several surveys showed average daily fish consumption rates above
this level for a small fraction (95th percentile and above) of the population or subpopulation studied. 


Children’s exposures, on a per kg body weight basis, are higher than those of adults. This is
consistent with dietary evaluations presented in Volume IV.  Since the methylmercury concentration in
the fish consumed are the same at a given model site, exposure is the direct ratio of mass ingested per
unit of body weight.  On average, this ratio is higher for children than adults.
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Although predicted fish concentrations around the sources fall within the range of those
measured in the United States, U.S. EPA still interprets these modeling results qualitatively.  While U.S.
EPA considers the results to be reasonable for high-end consumers with monotonous diets,
interpretations and conclusions from this effort are qualitative rather than quantitative.  This effort
indicates that high-end consumers of local fish are clearly a subpopulation of concern.  Future efforts
should be directed at evaluating local fish consumption rates and the resulting exposures at specific sites
around some of these anthropogenic sources. 


 
Table 5-1


Highest Predicted Ingestion Intakes of High-end Fisher Adult and Child (mg/kg/day)
for 90th Percentile RELMAP Results Only


Facility/Distance Eastern Site Western Site
/%RELMAP


Child Adult Child Adult


Chlor-alkali plant/ 8.3E-3 6.1E-3 8.3E-3 6.1E-3
2.5 km/90%


Large hospital 1.8E-3 1.3E-3 1.3E-3 9.5E-4
HMI/2.5 km/90%


Chlor-alkali plant/ 1.7E-3 1.3E-3 1.1E-3 8.2E-4
10 km/90%


LargeMWC/ 1.6E-3 1.2E-3 8.7E-4 6.4E-4
2.5 km/90%


Large Coal Utility 1.4E-3 1.0E-3 4.1E-4 3.0E-4
Boiler/90%


5.2 Other Sources of Human Mercury Exposure


In the modeling effort exposure for six different hypothetical adult humans was modeled. 
Atmospheric emissions of anthropogenic origin, local background and regional atmospheric mercury may 
not be the only sources of mercury exposure.  Individuals can be exposed to mercury from other sources
such as occupation and consumption of non-local (e.g., marine) fish.  Quantitative estimates of these
sources are presented in Volume IV.  In the modeling effort, several hypothetical individuals were
assumed to consume high levels of locally-caught fish.  These individuals include:  a high-end consumer,
who is assumed to consume 60 grams of local fish/day; a child, who is assumed to consume 20 grams of
local fish/day; and a recreational angler, who is assumed to consume 30 grams fish/day.  Since these
hypothetical individuals consume high levels of local fish, it is probably inappropriate to consider
exposure through an additional fish consumption pathway.  However, it is reasonable to assume that
some individuals consume both local and other fish; for example, Fiore et al. (1989) documented the
consumption of both self-caught and purchased fish in U.S. anglers.  In this assessment, these data are
not combined.  It is important to note that exposure through consumption of marine species could result
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in significant additional incremental exposures to high-end fish consumers.


In the modeling effort several hypothetical humans were assumed not to consume locally-caught
fish.  These hypothetical individuals include: a subsistence farmer and child, a rural home gardener, and
the urban dwellers. For these hypothetical individuals, it is reasonable to assume that some fraction of the
individuals they represent will consume marine fish.  For this marine fish consuming subset, the ranges
of methylmercury exposure from marine fish consumption that are estimated in Volume IV are
applicable.  Methylmercury from marine fish consumption, if considered, is an incremental increase over
the estimated intakes.


Occupational mercury may be an important source of exposure.  This source may apply to any
hypothetical adult modeled here with the exception of the subsistence farmer.  For a given area with a
relevant industrial base, it may be appropriate to consider these exposures for appropriate members of the
population.  These exposures would be expected to be primarily to inorganic mercury species and would
be incremental inhalation or ingestion exposures.


The initial conditions assumed before the facility is modeled (referred to here as “background”)
are potentially critical to the total mercury exposure.  This is particularly important because the
magnitude of the contribution of a local source to the total may be used to assess its impact.  A delicate
balance is required when including such a “background” in the analysis.  This is because it is not just a
matter of  local source contributions to this background, but rather, the total impact of background plus
the local source that is ultimately of primary concern.  Overestimating the background will result in a
concurrent decrease in the contribution of a given local source, but may result in exceeding thresholds
that would not be exceeded if lower estimates of background are assumed.  Resolution of this issue is not
within the objectives of the current report; it is noted, however, that there is no available guidance on
how to incorporate background in exposure assessment.  For a local scale mercury exposure assessment it
is important to measure mercury concentrations in various media.


The impact of the uncertainty in the predicted air concentrations and deposition rates for each
facility is most important for the fish ingestion and pica child scenarios.  This is because, in general, the
local source does not contribute significantly to the mercury exposure for the agricultural and urban
scenarios. Additionally, variability in watershed methylmercury “processing” may also result in vastly
different impacts from sources emitting similar quantities and species of mercury to the atmosphere. The
exception to this pattern is the chlor-alkali model plant.  In this case, the low assumed mercury release
height results in the facility having a substantial impact on the mercury air concentrations close to the
facility.


5.3 Characterizing  Wildlife Exposures 


5.3.1 Modeled Wildlife Exposures


The only pathway of mercury exposure considered for the wildlife species consist of —
atmospheric mercury deposition � watershed soil � dissolved methylmercury in water column �


methylmercury in fish through the bioaccumuation factor (BAF) � wildlife fish consumption.  Other
pathways and perhaps other species of mercury should be evaluated as the data and models become
available to assess them. These could include exposure assessments for predators of fish-eating species
(e.g., fish � raccoon � panther), benthic-dwelling species as well as exposures to organisms that eat
marine species and effects of mercury on microbial populations in soils or the water column.







5-6


Previous discussions of highest predicted fish concentrations and resulting highest human
exposures could be reiterated here because fish consumption is the only pathway considered. 
Uncertainty and variability described in predictions of human exposures that result from fish
consumption are also applicable to the wildlife.  It is interesting to note that on a per kilogram body
weight basis, predicted exposures to wildlife are much greater than to humans. Other factors such as
range and migration may affect wildlife exposures that result from emissions of a local source.


5.3.2 Measured Exposures to Methylmercury


Mink (Mustela vison) and otter (Lutra canadensis) occupy top trophic positions in the aquatic
foodweb and bioaccumulate mercury from food.  The diet of mink varies with location, time of year, and
available prey.  Mink consume fish, small animals, crayfish, birds, and amphibians (Linscombe et al.,
1982).  Otters, by contrast, are more consistently fish eaters whose diet consists of at least 95% fish
(Toweill and Tabor, 1982).  For both otter and mink, the mercury concentrations in these animals' tissues
have been positively associated with mercury levels in prey (for example; fish, shellfish, crayfish) (Wren
and Stokes, 1986; Foley et al., 1988; Langlois and Langis, 1995).  Mink and otter accumulated about 10
times more mercury on a concentration basis than did predatory fishes from the same drainage areas
(Kucera, 1983).  These correlations were statistically significant (Foley et al., 1988) on the basis of
mercury in the watershed because of the importance of fish, shellfish and crayfish in the diets of  mink
and otter.


Case reports of clinical mercury poisoning exist for wild mink (Wobeser and Swift, 1976) and
otter (Wren, 1985).  Such reports are rare, but this would be expected given the rapid onset of
symptomatology of methylmercury poisoning, and assuming that the wild mink exhibits the same
progression of signs and symptoms observed in a laboratory setting.  Under the experimental situation
established by Wobeser (1973), the minks deteriorated, presenting with anorexia, to exhibiting ataxia to
death within two or three days at exposures producing liver mercury concentrations in excess of
approximately 20 µg/g.  The short time-period between onset of gross signs and symptoms of
methylmercury intoxication and death decreases the likelihood of observing in the wild clinically ill mink
prior to death.  Consequently, assessment of mercury exposure to wildlife has been based on mercury
concentrations in body organs such as liver, kidney and brain rather than an observation of gross clinical
symptomology.  The magnitude of the concentration in one organ for both mink and otter (for example,
liver) is highly correlated with other organs (for example, kidney or brain); see reports of Wobeser
(1973), Kucera (1983), Wren and Stokes (1986).  Usually mercury concentrations in liver are used for
comparison across studies.


Liver mercury concentrations in the range of 20 to 25 µg/gram fresh weight were associated with
severe, clinically evident mercury poisoning in mink fed 1.8 µg/gram methylmercury in diet (Wobeser,
1973).  Among animals that died during the experimental period, liver mercury concentrations averaged
greater than 25 µg/gram fresh weight (Wobeser, 1973).  Using mink and otter trapped by fur traders or
trappers, mercury concentrations have been reported for Quebec (Langlois and Langis, 1995), Ontario
(Wren et al., 1986), Manitoba (Kucera, 1983), New York State (Foley et al., 1988); and Georgia
(Halbrook et al., 1994).  The range of concentrations reported in different geographic locations is
substantial.  Wild mink with liver mercury concentration as high as 20 µg/g were identified in northern
Quebec (Langlois and Langis, 1995).


There are substantial region-to-region differences in mercury concentrations in tissues of mink
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and otters.  There are also differences among individual animals trapped in a particular location. 
Consequently, broad generalizations are difficult regarding how close liver mercury concentrations of
wildlife are to liver mercury concentrations of experimentally poisoned mink.  However, the upper range
of liver mercury concentrations of mink from northern Quebec (Langlois and Langis, 1995), otters from
Georgia (Hallbrook et al., 1994) and otters from Ontario (Wren et al., 1986) approximate those of
clinically poisoned animals.  


Based on these reports, methylmercury poisoning sufficiently severe to be fatal to mink and
otters can be projected at current mercury exposures in some geographic locations.


Sublethal effects on mink and otters can be projected to be more wide-spread with additional
reports showing average liver mercury concentrations approximately one-third of those in moribund mink
with experimental methylmercury poisoning.  For example, in some geographic areas, average
concentrations are about one-third those of mink with clinical mercury poisoning in a laboratory
situation.  Liver mercury concentrations of river otters from the lower coastal plain in Georgia averaged
7.5 µg/g (Hallbrook et al., 1994); this is approximately 33% of the concentrations associated with severe
intoxication and/or death in a closely related species, the mink (Wobeser et al., 1976a,b).  In many
geographic regions [e.g. Georgia (Halbrook et al., 1994), New York State (Foley et al., 1988)], mercury
concentrations in mink and otter tissues are 10-30% of the concentrations associated with severe,
clinically evident methylmercury poisoning in mink.


Average tissue mercury concentrations for mink and otter from multiple regions of North
American are within an order of magnitude of tissue mercury concentrations of mink severely poisoned
experimentally.  For example, data showing mink liver mercury concentrations averaging 2 µg/g or
higher were reported in several regions of New York State (Foley et al., 1988), Ontario (Wren et al.,
1986), and Manitoba (Kucera, 1983).  Concentrations in excess of 20 µg/g occurred in mink dying of
methylmercury poisoning (Wobeser, 1973; Wobeser et al., 1976a,b, 1979).


There may be other factors in addition to methylmercury concentration in the food supply of the
mink and otter that are responsible for the association.  Liver mercury concentrations in wild mink were
not always predictably associated with proximity sites of  long-term mercury contamination.  For
example, Wren et al., (1986) found that wild mink trapped in the English River system, which was
severely contaminated by mercury discharge from a chlor-alkali plant 15 to 22 years earlier than the dates
of mink trapping, had a mercury concentrations in the range of 0.6 to 6.9 µg/g liver.  By contrast mink
trapped in the Turkey Lakes watershed, a region considered relatively pristine, had liver mercury
concentrations ranging between 1.1 and 7.5 µg/gram fresh tissue (Wren et al., 1986).  Another region of
Ontario was substantially lower in mercury contamination; wild mink from Cambridge had average liver
concentrations of 0.14 µg/g (fresh weight) (Wren et al., 1986).


5.3.3 Avian Species Exposure to Methylmercury


During the decades when seed grains were treated with organo-mercurial fungicides, huge
numbers of wild birds were poisoned fatally with mercury.  In the 1970s, declining use of organo-
mercurial fungicides greatly reduced the severity of mercury exposure.  However, mercury residues
either through natural or anthropogenic sources remain.  Between 1990 and mid-1995, several reports of
mercury concentrations in avian species have been published in the peer-reviewed literature (among
others see Bowerman et al., 1994; Burger et al., 1993, 1994; Custer and Hohman, 1994; Spalding et al.,
1994; Sundlof et al., 1994; Langlois and Langis, 1995; Lonzarich et al., 1992; Thompson et al., 1992). 
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Based on historical and recent information, mercury is a common contaminant of avian tissues from
diverse geographic locations.  Mercury concentrations in tissues have been reported for the following
birds:  seabirds from colonies in the Northeast Atlantic (Thompson et al., 1992); the common tern in
Buzzards Bay, Massachusetts (Burger et al., 1994); the California clapper rail from the salt marshes of
central and northern California (Lonzarich et al., 1992); canvasback ducks in Louisiana (Custer and
Hohman, 1994); wading birds of Southern Florida (Sundlof et al., 1994; Spalding et al., 1994; Burger et
al., 1993); loons in
the Great Lakes regions and Ontario (Barr, 1986); and the bald eagle in the Great Lakes Region
(Bowerman et al., 1994).


The feeding habits of particular avian species are major predictors of risk of mercury toxicity in
the 1990s.  When seed grains were treated with organo-mercurial fungicides, herbivorous, omnivorous,
and carnivorous species were all at risk of mercury toxicity.  Because of the biomagnification of
methylmercury in the aquatic foodweb, birds which feed on fish, crayfish or shellfish now have higher
exposures to methylmercury than do non-fish eating birds.  Birds, such as the heron, that consume large
fish as their prey, are predicted to be at greater risk of methylmercury poisoning than birds that consume
smaller fish (Spalding et al., 1994; Sundlof et al., 1994).  When the quantities of fish consumed on a
body weight basis is also considered for smaller birds such as the kingfisher, there is an elevated risk of
methylmercury poisoning.


Several estimates exist in the published literature on mercury concentrations in soft tissues (liver,
kidney, brain) that are associated with mercury poisoning in avian species.  Experimental studies of
survival and reproductive success of black ducks (Anas rubripes) indicated that adult ducks would
tolerate liver mercury concentrations of 23 ppm and appear in good health (Findley and Stendell, 1978). 
However, it was found that although the black ducks fed methylmercury in diet appeared in good health
they had impaired reproductive success as indicated by reduced hatchability of eggs and high duckling
mortality.  Findley et al. (1979) concluded that concentrations of mercury in excess of 20 µg/g fresh
weight in soft tissues should be considered extremely hazardous to avian species.  Scheuhammer (1991)
indicated that the major effects of methylmercury in avian species were neurological, developmental and
reproductive.  The neurological changes included weakness, walking or flying difficulties and
incoordination that were associated with brain mercury concentrations of 15 µg/g (fresh weight), or liver
or kidney mercury concentrations of 30 µg/g (fresh weight).  Schuehammer (1991) observed that
generally significant reproductive impairment due to methylmercury occured at about one-fifth the tissue
concentrations required to produce overt neurotoxicity.  Liver mercury concentrations of 2 to 12 µg/g
(fresh weight) in adult breeding pheasants and mallard ducks were linked to decreased hatchability of
eggs (Schuehammer, 1991).  Barr (1986) reported adult loons with total mercury concentrations in the
brain as low as 2 ppm (fresh weight) showed aberrations in reproductive behavior, resulting in lowered
incubation success and abandonment of territories. The correlation coefficient between mercury and
methylmercury is 0.98 in the brain, 0.84 in mucsle, and 0.23 in liver of adult loons.  For liver versus
brain, the correlation coefficeint is 0.58 for total mercury and 0.46 for methylmercury.  Barr (1986) noted
that clinical signs of mercury poisoning, such as impaired vision and ataxia, had been found in several
avian species (as reported by Evans and Kostyniak, 1972; Hays and Risebrough, 1972) at mercury
concentrations lower than those present in the loons from one of the sites of Barr's investigations.  Barr
(1986) notes that impairment of vision or ataxia in a visual hunter such as loon would be likely to reduce
its chances of procuring adequate food and defending a territory.


Mercury concentrations in livers of wading birds in Southern Florida (Sundlof et al., 1994;
Spalding et al., 1994) and the merganser in northern Quebec (Lanlois and Langis, 1995) are in the range
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associated with adverse reproductive and neurological effects in other species of birds.  Sundlof et al.
(1994) reported that four great blue herons (Ardea herodias) collected from the central Everglades
contained liver mercury at concentrations typically associated with overt neurological signs (>30 µg
mercury/g fresh weight).  Furthermore, these investigators found between 30% and 80% of the potential
breeding-age birds collected in an area encompassing the central Everglades contained liver mercury at
concentrations associated with reproductive impairment in ducks and pheasants.  In a parallel study,
Spalding et al. (1994) determined the magnitude of mercury contamination associated with death of great
white herons (Ardea herodias occidentalis).  Birds that died of acute causes (e.g., trauma from collision
with power lines or vehicles) had much lower liver mercury concentrations (geometric mean 1.8 µg/g
fresh weight, range 0.6 to 4.0 µg/g fresh weight) than did birds that died of chronic diseases (geometric
mean 9.8 µg/g fresh weight, range 2.9 to 59.4 µg/g fresh weight).


The common merganser (Mergus merganser) and red-breasted merganser (Mergus serrator)
were among wildlife species sampled in the Great Whale and Nottaway-Broadback-Rupert (NBR)
hydroelectro projects in northern Quebec (Langlois and Langis, 1995).  Liver mercury concentrations for
these species were reported as mean ± standard deviation (SD) (shown in Table 5-2).  Using standard
statistical procedures, it is estimated that 33.3% of the liver mercury concentrations for the respective
species would be greater than the mean+one SD. If the liver concentrations associated with neurological,
reproductive and developmental effects in other avian species are applicable to the common and red-
breasted merganser, adverse health and reproductive effects are associated with mercury exposures
experienced by these avian species.


Table 5-2
Liver Mercury Concentration (µg/g fresh weight) in Common Merganser, Red-Breasted


Merganser
and Herring Gulls from Northern Quebec (Langlois and Langis, 1995)


Species


Location


Great Whale NBR


Mean ± SD Mean + 1 SD Mean + 2 SD Mean ± Mean + 1 SD Mean + 2 SD
(66.7th (95th SD (66.7th (95th
Percentile) Percentile) Percentile) Percentile)


Common 17.5 ±12.0 29.5 41.5 10.5±7.5 17.5 25.0
merganser


Red- 12.4±18.8 33.2 50.0 No values -- --
breasted reported
merganser


Herring 2.9±2.4 5.3 7.7 3.6±2.5 6.1 9.7
gull


Tissue mercury concentrations and population dynamics of the common loon (Gavia immer) in
an area with mercury-contaminated waters in northwestern Ontario were reported by (Barr, 1986). 
Mercury concentrations for total and methylmercury for adults and chicks for liver, muscle, and brain are
shown in Table 5-3.  The concentration of total mercury residue in loon tissues decreased in the
sequence---
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Table 5-3
Mercury and Methylmercury Concentrations in Tissues (µg/g fresh weight)


from the Common Loon in Northwestern Ontario (Barr, 1986)


Liver Muscle Brain


Mean SD Range Mean SD Range Mean SD Range


Adults


Total
mercury


12.95 11.67 1.64- 2.33 2.07 0.16- 0.86 0.89 0.31-
47.71 6.87 4.61


Methyl-
mercury


11.67 2.40 0.00- 1.65 1.60 0.15- 0.65 0.79 0.22-
10.20 6.59 4.27


Chicks


Total
mercury


0.91 0.33 0.35- 0.44 0.22 0.14- 0.37 0.18 0.14-
1.47 0.89 0.78


Methyl-
mercury


0.80 0.29 0.32- 0.37 0.20 0.09- 0.37 0.17 0.14-
1.36 0.80 0.75


liver > muscle >brain, but the percentage of methylmercury increased from liver < muscle < brain.  Barr
(1986) found that almost 100% of the mercury transferred from adult loons through eggs to chicks was
organic mercury with no net loss of methylmercury in chick tissue.  Levels of methylmercury in eggs and
in the brain of newly hatched chicks frequently exceeded levels in the female parent's brains.  There was
a statistically significant correlation between total mercury levels in the brain of nesting females and their
eggs (p=0.005).


The upper portion of the range of liver mercury concentrations for the loon was greater than
mercury concentrations associated with overt clinical toxicity in other avian species.  Barr (1986)
reported finding loons that were emaciated, expected to accompany either anorexia or reduced ability to
obtain prey.  Barr's conclusions were than there was a strong negative correlation between successful use
of territories by breeding loons and mercury contamination (Barr, 1986).  Liver mercury concentrations
(mean approximately 13 ppm, range approximately 2 to 48 ppm mercury) were higher than the range
identified by Schuehammer as being associated with reproductive failure in other avian species:  2 to 12
ppm mercury (Schuehammer, 1991).  Schuehammer concluded that results suggest a reduction in egg
laying and in nest and territorial fidelity at mercury concentrations ranging from 0.3 to 0.4 ppm in prey
and 2 to 3 ppm in adult loon brain and loon eggs.  These data confirm earlier reports by Fimreite and
Reynolds (1973)  that the common loon may be particularly adversely affected by high levels of
methylmercury.
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5.4 Human Intake of Methylmercury Estimated through Dietary Surveys and Mercury
Residue Data 


Ingestion of contaminated fish is the only significant source of methylmercury exposure to the
general human population (Stern, 1993; Swedish EPA, 1991; WHO, 1990).  Total mercury
concentrations in meats and cereals often measure hundreds of times less than in fish (Swedish EPA,
1991).  In most non-fish foodstuffs mercury concentrations are typically near detection limits and are
comprised mainly of inorganic species (WHO, 1990).  In contrast, most of the mercury in fish is
methylated.


5.4.1 Estimates Based on Total Diet Studies 


Overall, data from Total Diet Studies from multiple countries confirm the following:


• Fish and shellfishes are the predominant source of mercury in the diet;
• Methylmercury is the predominant form of mercury in fish and shellfish; 
• Total exposure to mercury depends on the quantity of fish and shellfish 


consumed;
• Wide variability exists in the concentration of mercury in various species of 


fish/shellfish; and
• Mercury concentration within a fish species generally increases with the size of the 


individual fish.


 In the United States, the Food and Drug Administration (FDA) has conducted a Total Dietary
Survey including analyses for metals and elements since the early 1970s (Manske and Johnson, 1977).  
Most of the mercury reported in the total diet study is methylmercury because the mercury identified in
Total Diet Study originates from seafood.  In the early 1970s the meat, fish and poultry food group
represented virtually the entire intake of mercury in the Total Diet Study (Mahaffey et al., 1975).  Total
Diet Study intake of mercury averaged about 2.8 µg/day for young adult males or approximately 0.04
µg/kgbw/day if a 70 kilogram body weight is assumed.  Similar exposures to mercury from food were
reported by Gunderson et al. (1995) using a revised approach to the FDA Total Diet Survey that
presented µg/kgbw/day values for eight age-gender groupings.  Persons aged 14 and older had a mean
dietary intake between 0.03 and 0.04 µg/kg/day.  Toddlers had approximately twice as high mercury
exposure from food with an average of 0.07 µg/kgbw/day (Gunderson et al., 1995). 


Results from total diet studies conducted in a number of different countries reconfirm that fish is
the main contributor to the mercury intake. The magnitude of mercury exposures depends on the amount
of fish and shellfish consumed.  In Spain, the mean adult dietary intake for mercury was 12 µg/day
(maximum, 18 µg/day) for adult men and women in 1990 and 1991 (Urieta et al., 1996).  Japanese data
on total dietary intake of mercury, conducted between 1979 and 1994, indicate average mercury intake of
between 6.9 and 11.0 µg/man/day with the majority of mercury coming from fish (Ikarashi et al., 1996). 
Countries with lower total mercury intakes from diet consume smaller quantities of fish.  For example,
van Dokkum et al. (1989; as cited by Urieta et al., 1996) reported a fish consumption of 10 g/day and an
mercury intake of 0.07 µg/kg/day as averages for the Dutch.


Within a particular species of fish (e.g., mackerel, croaker, flounder), larger members of the
species contained higher concentrations of mercury and the increase was statistically significant (Ikarashi
et al., 1996).  Variability in mercury concentrations in fish was confirmed by an Italian study covering
the period 1986 to 1995 (Haouet et al., 1996).  Although mean values were within legal limits for Umbria
and Marche regions, high levels of mercury were found in some species.  Median values for various
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species of mollusks and crustacea were in the range of 0.08 µg/gram with some concentrations averaging
over 2 ppm for piscivorous species. 


5.4.2 Estimates Based on Food Consumption Surveys


The development of the Total Diet Study in the United States relied on data from 1965 dietary
survey conducted by the United States Department of Agriculture (USDA) (Mahaffey et al., 1975). 
Mean intakes for various food groups from the dietary survey were used to develop the quantities of food
used in the Total Diet Studies.  A major limitation of such data is that average intakes typically were
used.  Additional information on dietary intakes of fish and shellfish — ranging from long-term patterns
of fish and shellfish intake by individuals to cross-sectional data for population groups — can be
obtained from dietary surveys.


Available techniques to estimate fish consumption include long-term dietary histories and
questionnaires to identify typical food intake or short-term dietary recall techniques.  Day-to-day
variation in dietary patterns is an issue to consider in evaluation of short-term recall/record data.  For
epidemiological studies that seek to understand the relationship of long-term dietary patterns to chronic
disease, typical food intake is the relevant measure to evaluate (Willett, 1990).  Because methylmercury
is a developmental toxin that may produce adverse effects following a comparatively brief exposure
period (i.e., a few months rather than decades), comparatively short-term dietary patterns can have
importance.


Fish consumption has been reported to be recalled with greater accuracy than other food groups
(Karvetti and Knuts, 1985).  Nevertheless, an uncertainty in these data is the ability of consumers to
identify the species of fish consumed.  The species of fish identified by the respondents were recorded as
part of the dietary records of the survey.  These fish species were identified and used to estimate dietary
intakes of methylmercury.  The survey and results are described in Volume IV.  


Human methylmercury intake from fish for the general U.S. population was estimated in this
Mercury Study Report to Congress by combining data on mercury concentrations in fish species
(expressed as micrograms of mercury per gram fresh-weight of fish tissue) with the reported quantities
and types of fish species consumed by fish eaters or "users" in three of USDA's Continuing Surveys of
Food Intake by Individuals (CSFII 89-91, CSFII 1994 and CSFII 1995) and in the third National Health
and Nutrition Examination Survey (1988 through 1994).  The CSFII 89-91 dietary survey methodology
consisted of an assessment of three consecutive days of food intake and selection of interviewees from
probability samples for non-institutionalized U.S. households.  Use of these survey data provides a
nationally based estimate of fish intake by the general population of the United States.  Surveys
conducted in CSFII 1994 and CSFII 1995 relied on two days of dietary recall for individuals.  These days
did not have to be consecutive.  NHANES III relied on descriptions of food frequency (including
responses to two questions specifically on patterns of consumption of fish and shellfish) collected from
adult interviewees aged 12 years and older (approximately 19,000 individuals).  A subset of NHANES
respondents, which included both adults and children, provided 24-hour recall data.


These cross-sectional survey designs reflected known sources of variability in estimating dietary
intakes in general.  The extent to which comparatively short-term assessments of dietary intake predict
long-term fish consumption patterns remains an uncertainty.  Nutritional epidemiologist (among others
see Willet, 1990) have observed that these surveys provide a cross-sectional view of dietary intake that
better predicts central tendency than the extremes of the range of typical fish consumption behavior.  In
Volume IV comparisons were made between quantities consumed and the upper quartile of the fish-
consuming subpopulation of the general U.S. population and estimates of quantities of fish consumed by







5-13


subpopulations of high fish-consuming Native American Tribes and anglers.  Fish consumption rates
reported by several tribes and by high fish-consuming anglers, to some extent, corroborated the daily
consumption rates of the extreme end of the distribution of all three CSFII surveys and of NHANES III.


In CSFII 1989-1991, 31% of the people surveyed reported consumption of fish and/or
combinations of fish, shellfish, or seafood with starches in a 3-day period.  Of individuals reporting fish
consumption, approximately 98% consumed fish only once, and about 2% consumed fish in two or more
meals during the 3-day survey period.  For foods consumed by only a minority of the population,
estimates of per capita consumption rates overestimate the consumption rate for the general population,
but underestimate the consumption rate among the portion of the population which actually consumes the
food item.  CSFII 1994 and CSFII 1995 reporting on individual days recall found 11 to 12% of
individuals consuming fish/shellfish on any one day.  A smaller percent of children less than 14 years-old
reported eating fish/shellfish (approximately 8%).  Among men and women of reproductive age (15
through 44 years) about 10 to 11% reported eating fish/shellfish on any one day.  Adults 45 and older
consumed fish and shellfish more frequently with about 15% of respondents consuming fish and shellfish
based on individual day data.   


One question raised in the process of review of data from the food consumption surveys was
whether the estimates of fish/shellfish consumption too high.  This issue can be partly addressed through
comparison with the amount of fish available for consumption within the United States. The National
Marine Fisheries Service provides data on fish and shellfish production.  These data have been compiled
since the early part of this century.  Major increases in fish and shellfish consumption occurred post-
1970.  For example, in 1910 the U.S. population consumed an average of 11.0 pounds (edible meats) of
commercial fish and shellfish.  The consumption in 1970 was 11.8 pounds per capita, however,  by 1990
fish and shellfish consumption had increased to 15.0 pounds per capita.  Two major factors were
associated with this trend.  First, there was a major increase in population from 92.2 million in 1910, to
201.9 million individuals in the 1970s, and 247.8 million citizens in 1990.  In 1995, (the latest year this
source provided statistics on the civilian resident population) the U.S. population was estimated at 261.4
million persons.  Combined with increased consumption on a per capita basis, the seafood market has
dramatically increased throughout this century.  


The second major factor was in availability of transportation and in food processing.  Changes
between 1910 and 1995 are shown in Table 5-4.  Consumption of cured fish dramatically decreased from
about 36% of per capita intake in 1910 to 2.0% in 1990.  Fresh or frozen fish were about 40% of the per
capita intake in 1910 and increased to about 67% (two-thirds) of fish and shellfish intake between 1990
and 1995.  The consumption of canned fish and shellfish changed the least representing about one-fourth
of all fish/shellfish intake in 1910 and about one-third of intake between 1990 and 1995.
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Table 5-4
Percent of Fish/Shellfish by Processing Type between 1910 and 1995


(Source: National Marine Fisheries Service, 1997)


Year Fresh/Frozen Canned Cured


1910 39.1 24.5 36.4


1970 58.5 38.1 4.0


1990 64.7 33.3 2.0


1995 66.7 31.3 2.0


 


Comparison of the amount of fish (grams per capita per day) reported in CSFII 1994, CSFII 1995
and NHANES III with the production of fish and shellfish is shown in Table 5-5.  These data indicate
that the amounts of fish/shellfish reported consumed in the surveys do not exceed production of fish and
shellfish.  The consumption data based on the dietary surveys provide reasonable estimates of intake
particularly when it is recognized that some fish and shellfish entering the food supply is not consumed
but is wasted either in distribution, in the home, or on the plate.


Table 5-5
Fish and Shellfish Production* 


Year U.S. Population Per Capita Grams Per Capita
(in millions) Per Year Per Day


Pounds Grams


1990 247.8 15.0 6810 18.7


1994 259.2 15.2 6901 18.9


1995 261.4 15.0 6810 18.7


*National Marine Fisheries Service Data
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Table 5-6
Fish and Shellfish Consumption


Survey U.S. Population Number of Days of Grams Per Capita
(in millions) Dietary Records Per Day


NHANES III 241.6 29,989 17.6
(1988-1994)


CFSII 1994
  Day 1 258.9 5,296 11.1
  Day 2 258.9 5,293 12.0


CFSII 1995
  Day 1 261.5 5,063 13.0
  Day 2 261.5 5,062 14.3


An additional way to assess the reasonableness of the data provided in the consumption surveys
is to compare the species of fish and shellfish reported to be consumed with the species of fish and
shellfish that are produced, imported or exported into the United States.  Analyses of the frequency of
reporting fish/shellfish and menu items containing fish and shellfish were carried out using data from
CSFII 1994 and CSFII 1995.  The most commonly reported menu items were “seafood salads and
seafood and vegetable dishes”.  Although other fishery products are possible in salads, this menu
category typically describes dishes made with tuna, surimi (i.e., Alaskan pollock), crab, salmon, or other
canned fish or shellfish.  Overall, these dishes represented about 20% of overall seafood consumption. 
This major group was followed by shrimp, canned tuna, and the group “seafood cakes, fritters, and
casseroles without vegetables.”  Identified finfish commonly consumed included salmon, cod, catfish,
flounder, trout, seabass, ocean perch, haddock, and porgy.  Although specific finfish were identified as
among the top ten consumed sea foods, they represented less frequent selections than did processed
fishery products; e.g., salads, fritters,”fast food” fillets, and shrimp.  


Production, import and export data indicate that the predominant species of fish and shellfish in
the United States are the various species of tuna, shrimp, and the Alaskan pollock.  Superimposed on
these broad national trends in fish/shellfish production are regional trends in fish/shellfish production and
consumption.  Table 5-7 provides an overview developed from business publications and interviews with
leaders in the seafood industry of regional patterns in fish and shellfish consumption/production


Table 5-7
Regional Popularity of Fish and Shellfish Species


Region Fish/shellfish Species


East Coast Haddock, Cod*, Flounder, Lobster, Blue Crab, Shrimp


South Shrimp, Catfish, Grouper, Red Snapper, Blue Crab


West Coast Salmon, Dungeness Crab, Shrimp, Rock Fish


Mid-West Perch, Walleye, Chubs, Multiple Varieties of Freshwater
Fish


*In the mid-1990s cod has largely been replaced on menus by Alaskan pollock.
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Approximately 8 to 9% of children were reported fish/shellfish consumption in CSFII 1994,
CSFII 1995, and NHANES III.  The most common fish/shellfish product consumed was tuna salad and/or
canned tuna, followed by fish sticks/patties, with shrimp and catfish distant third and fourth places in fish
consumed by children.  All other fish and shellfish made up 30 to 40% of children’s fish and shellfish
intake.


5.4.3 Mercury Concentrations in Fish and Shellfish


Selection of a data base for mercury residues in fish was based on the following characteristics:


• Data sets that were nationally based;
• Preferred data base that included as many individual fish to represent the species as 


possible; and 
• Fish/shellfish species collected over a time period that approximated the years of the dietary 


survey. 


Data describing methylmercury concentrations in marine fish came primarily from the National
Marine Fisheries Service (NMFS) data base, the largest publicly available data base on mercury
concentrations in marine fish.  This NMFS data base has been compiled over the past two decades. 
Comparison of the values for central tendencies (e.g., 50th percentile) in mercury concentrations between
the NMFS data base and FDA's compliance data on selected species (Carrington et al., 1995) indicated
close agreement in mercury concentrations.  The concentrations of methylmercury in marine fish and
shellfish were derived from a data base that is national in scope and the data on freshwater finfish were
from two large studies that sampled fish at a number of sites throughout the United States.  The
applicability of these data to site-specific or region-specific assessments must be judged on a case-by-
case basis.


A question raised in review of these data concerned the adequacy of the detection limits for
chemical analyses of mercury used in obtaining these data.  This issue has been addresses in detail in
Volume IV (particularly see Appendix C).  The judgment based on this statistical analysis was that the
handling of zero values and trace values did not bias the mean value for mercury concentrations in
species of fish in the National Marine Fisheries Service data base used for marine fish.  The detection
limits in the report by Bahnick et al. (1994)  was sufficiently low that a very high percent of individual
samples could be analyzed and quantitative values for mercury provided.  Consequently, the analytical
method, as well as handling of zero and trace values, is not an area of significant uncertainty in
determining mean mercury concentration in these fish/shellfish species.


5.4.3.1 Estimates of Central Tendency for Mercury Concentration in Fish and Shellfish


Volume IV provides detailed tables describing the mercury concentration in fish and shellfish. 
The mean concentration of mercury for a specific species was used in calculating mercury exposures
from marine seafood used in this assessment.  Additional data (also provided in Volume IV) describe  on
mercury concentrations in particular fish/shellfish species reported by the FDA (1978) and by Stern et al.
(1996).  


Mean mercury concentrations for the mixture of fin fish and shellfish consumed by the general
population average between 0.12 and 0.14 parts per million.  Persons eating a variety of fish and shellfish
that result in this mean mercury concentration will have dietary mercury intakes comparable to those
estimated in this study.  However, mercury exposure may be much higher or lower than those estimated
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in the current Report.  For example, if people select a few species of fish which are much higher in
mercury concentrations (e.g., shark, swordfish, seabass, walleye, largemouth bass), their total mercury
exposures would be far higher than the levels used in this Report.  Likewise, if fish from a contaminated
local supply are routinely consumed, mercury intake could be higher than those values calculated in this
Report which relied on average mercury concentrations.  If people either consume a very different
mixture of fish/shellfish or consume fish/shellfish coming from a limited geographic area they may have
either a much lower or a much higher dietary intake of methylmercury.


5.4.3.2 Ranges in Mercury Concentration in Fish and Shellfish


The issue of variability of mercury concentration within a particular species of fish and across
species of fish/shellfish  remains.  In the estimates of dietary intakes of mercury from fish and shellfish
the calculations were made using mean fish/shellfish mercury concentrations.  This approach works well
if the subpopulation of concern obtains their fish/shellfish from a variety of sources.  However, if
individuals or subpopulations obtain most of their fish/shellfish from one or a small number of
geographic sources, their exposures could be either much lower or much higher than the mean value used
in calculations in this volume.  This source of variability can be seen in the mercury concentrations in
freshwater fish compiled by U.S. EPA (1997).  Data have been profiled describing the mean mercury
concentration present in six species of freshwater fish collected from 1990 through 1995 (Table 5-8). 
These data are representative of major fish species throughout the United States and  presents mean
values for mercury concentrations in six species of freshwater fish in the United States.


Table 5-8
Range of Mean Mercury Concentrations (ppm) for Major Freshwater Fish Species*


Species Mean Mercury Species Mean Mercury
Concentrations Concentrations


Channel catfish Largemouth bass0.010-0.890 0.101-1.369


Smallmouth bass Walleye0.094-0.766 0.040-1.383


Brown trout Northern pike0.037-0.418 0.084-0.531


 
*Data source: The National Survey of Mercury Concentrations in Fish.  Database Summary 1990-1995. 
September 29, 1997.  Prepared for U.S. EPA under Contract No. 68-C4-0051.


5.4.4 Subpopulations of Concern Based on Physiological Sensitivity to Adverse Developmental
Effects of Methylmercury


In selection of sensitive subpopulations of humans, sensitivity may reflect an inherent
responsiveness to the hazard (i.e., toxicity based sensitivity) or reflect elevated exposures to the agent of
concern.  With respect to risks posed by methylmercury from fish and shellfish, two subpopulations of
humans are of particular interest in this risk characterization:  women of childbearing age and children. 


5.4.4.1 Mercury Intake by Women of Childbearing Age


Women of childbearing age are of concern because developmental effects following in utero
exposures are the basis for the RfD and because the developing nervous system of the fetus would be
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expected to be most sensitive to mercury toxicity.  Because 9.5% of women ages 15 through 44 years are
pregnant in a given year and the half-life of mercury averages 70 days, the entire population of women of
childbearing age is judged to be of concern.  


Because the endpoint for the RfD is a developmental effect of methylmercury following in utero
exposures, an uncertainty in the exposure analysis is the time period relevant to the developmental
effects.  Because methylmercury is stored in the body with a half-life averaging 70 days, mercury intake
over time represents an important consideration in estimating exposures.  U.S. EPA’s Science Advisory
Board (SAB) addressed this question at the request of U.S. EPA.  SAB scientists advised the Agency that
“there is sufficient data to conclude that the developing organism is vulnerable during the entire period of
development and that in utero as well as early postnatal exposure to methylmercury is of concern.  The
SAB also indicated that intermittent or short-term exposure to methylmercury at a critical period in
development should be considered.  Exposures prior to pregnancy may also be of concern given the half-
life of methylmercury” (SAB, 1997). 


 Mercury intakes from fish and shellfish among women of childbearing age (ages 15 through 44)
can be estimated across the whole population whether or not they consume fish/shellfish during the
survey period (“per capita” exposure), estimates for only those women who report consuming
fish/shellfish during the survey period (“per user” exposure), and for typical patterns of exposure
projected across time by using frequency of fish/shellfish intake data (“month-long per user estimates”). 
These different methods of presenting exposure information for women of childbearing age each offer
information to the risk assessor.


As indicated by the SAB, the exact period of time of concern for adverse developmental effects
is not known.  Because methylmercury is bioaccumulated by the woman, high-dose short-term intakes
may produce the same cumulative body burden as more frequent lower-exposures.  Data on human
biokinetics of methylmercury are not sufficiently abundant that these types of predictions can be made
reliably.  Consequently, all three types of exposure estimates (i.e., per capita, per user, and month-long
per user) can contribute to the process of assessing risk.


Per Capita 


CSFII 89-91 estimates of mercury intake are based on the average value for three-days of dietary
recall and are shown below (Table 5-9).  Estimated “per capita” mercury exposures (µg/kgbw/day) from
all three CSFII data sets and from NHANES III indicate that the 95th percentile mercury exposure ranges
between 0.03 and 0.20 µg/kgbw/day.
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Table 5-9
Estimated Mercury Intake for Women of Childbearing Age


(CSFII 89-91)


Females Aged 15— 45 Years 25th 50th 75th 95th Maximum
Value


Fish/Shellfish Consumption
(g/day)


Zero Zero 19 73 461


Mercury Exposure
(µg/kgbw/day)


Zero Zero 0.03 0.20 2.76


  


Estimated mercury exposures “per capita” have also been made based on data in CSFII 1994,
CSFII 1995, and NHANES III (Table 5-10).  These are average values for individual 24-hour recalls.


Table 5-10
Fish and Shellfish Consumption (g/day) and Mercury Exposure (µg/kgbw/day)


 by Women Ages 15 — 45 Years
United States Per Capita


Survey Number of Percentiles
Women


50th 90th 95th


CSFII 94


 Day 1 26 80
842 Zero 0.03 0.12


 Day 2 840 Zero Zero 0.08
14 69


CSFII   95


 Day 1 30 87
635 Zero 0.03 0.13


  Day 2 634 Zero 0.09 0.19
56 89


NHANES III 5,437 Zero 58 114
0.09 0.18


Per User


Estimated “per user” intake from CSFII 89-91, averages of three 24-hour recalls per individual
subject, are shown below (Table 5-11).
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Table 5-11
Per User Fish/Shellfish Consumption (g/day) and Mercury Exposures (µg/kg bw/day) Based on


Average of Three 24-hour Dietary Recalls - CSFII 89-91


Percentiles


25th 50th 75th 95th MaximumValue


Fish/Shellfish
Consumption


19 31 56 113 461


Mercury Exposure 0.04 0.08 0.16 0.33 2.76


Estimates from CSFII 1994 and CSFII 1995, as well as from NHANES III, are shown below
(Table 5-12).  These data are based on individual day 24-hour recalls.  Predictably the data show higher
values for individual days than were shown for the single day values calculated from averages of three
days of dietary records.


Table 5-12
Fish and Shellfish Consumption (g/day) and Mercury Exposure (µg/kgbw/day)


by Women Ages 15 — 45 Years, United States, Per User on a Single DAy


Survey Percentiles


50th 75th 90th 95th


CSFII 1994


  Day 1 77 103 169 235
0.10 0.16 0.25 0.29


Day 2 0.08 0.18 0.34 0.45
62 106 156 184


CSFII   95


  Day 1 62 103 253 305
0.09 0.22 0.38 0.42


  Day 2 77 113 217 325
0.14 0.23 0.47 0.97


NHANES III 66 131 228 287
0.10 0.21 0.39 0.53


Per User Month-Long Data


An area of concern express in review of this Report to Congress is the extent to which mercury
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exposure “per user” based on single day 24-hour recall exposure estimates will be reflected in longer-
term patterns of fish and shellfish consumption.  Twenty-four hour recall dietary data provide a useful
indication of variability in the species of fish/shellfish chosen for consumption and the portion size of the
fish/shellfish consumed.  The uncertainty is over how often the day’s fish/shellfish consumption activity
is repeated over a time period relevant to the toxicology endpoint of interest.  As described above, the
exact period of methylmercury intakes that is of concern for developmental effects is not known
precisely and remains an uncertainty.  


In NHANES III respondents were asked how often per day, per week, and per month they had
consumed fish and shellfish over the past year.  Details of the questions were provided in Volume IV. 
For women ages 15 through 44 years, the frequency of fish/shellfish consumption is shown below (Table
5-13).


Table 5-13
 Percentage of Fish/Shellfish Consumers 


(NHANES III, Food Frequency Questionnaire, Weighted Data)


Group
Number of Times Fish/Shellfish Eaten Per Month


Zero 1 or 2 or 4 or 8 or 12 or 24 or 30 or
more more more more more more more


WomenAge
d 


15  - 44
Years


14 86 78 56 25 12 3 2


Combining the distributions of “per user” consumption of fish and shellfish with the cumulative
percentages of fish and shellfish consumption produces the pattern of fish and shellfish consumption over
a one-month period described below (Table 5-14).


Table 5-14
Month-Long “Per User” Exposure Estimates for Women Ages 15-44 Years


NHANES III, All Ethnic Groups Combined
Combined Distributions of Fish/Shellfish Consumption


Frequencies and “Per User” Dietary Data


Percentile Grams/Day µg Hg/kgbw/day


50th 9 0.01


75th 21 0.03


90th 46 0.08


95th 78 0.13
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5.4.4.2 Subpopulations of Concern Based on Magnitude of Mercury Exposure Relative to Body
Size


Ethnic/Racial Differences in Fish Consumption and Mercury Exposures 


Data from the CSFII surveys and from NHANES III when appropriately weighted statistically
provide estimates descriptive of the U.S. population as a whole.  If these data are aggregated to provide
estimates for particular age and sex subgroups, the estimates are representative for those subgroups in the
United States.  In addition to age and sex subgroups, survey respondents designate themselves as
“white/NonHispanic”, “black/NonHispanic”, “Mexican American” and “Other”.  The category of
“Other” includes persons who are of Asian/Pacific Islander ethnicity, NonMexican Hispanics (usually
from Puerto Rica or other Caribbean Islands), Native American Tribal members and Alaskan Natives, as
well as a remaining group of persons who designate themselves are “Other”.  


Published data files from NHANES III and CSFII 1994 and 1995 subdivide based on
racial/ethnic categories.  Patterns of fish and shellfish consumption vary by racial and ethnic group are
given in Table 5-15 (See Volume IV for additional descriptions).  Overall, persons who designate
themselves as “Black/NonHispanic” and “Other” have higher fish and shellfish consumption and
exposures to methylmercury compared with the population who categorize themselves as
“White/NonHispanic”.  These data indicate that Black/NonHispanics and persons grouped as “Other”
(Asians, Pacific Islanders, Native Americans, Alaskan Natives, persons of Caribbean ethnicity) consume
fish and shellfish more frequently than do others in the U.S. population. 


In contrast, persons of Asian/Pacific Islander ethnicity do not consume more fish on a “per user”
basis, although they consume fish more often than do other population members.  Black/NonHispanics
have about twice as much fish consumption on a per capita basis and 12 to 14% greater fish and shellfish
intake on a “per user” basis than do White/NonHispanics.  Estimates for Native Americans and Alaskan
Natives were not made because their numbers in the general population surveys were too small to
provide reliable estimates.  Data from surveys of subpopulations strongly support the observation that
some Native American Tribes and many Alaskan Natives consume fish and shellfish frequently and in
amounts greater than the general population.  
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Table 5-15
Consumption of Fish and Shellfish (g/day) and Mercury Exposure (µg Hg/kg bw/day) 


among Ethnically Diverse Groups on an Individual Day
(Source: CSFII 1994 and CSFII 1995)


Ethnic Group Per Capita Per User1 2


Fish Mercury Fish Mercury
Consumption Exposure Consumption Exposure
(g/day) (µg/kgbw/day) (g/day) (µg/kgbw/day)


White
   50th Percentile
   90th Percentile
   95th Percentile 80 0.14 243 0.67


Zero Zero 72 0.12
24 0.03 192 0.46


Black
   50th Percentile
   90th Percentile
   95th Percentile 104 0.19 302 0.96


Zero Zero 82 0.14
48 0.05 228 0.54


Asian and Pacific Islander
   50th Percentile
   90th Percentile
   95th Percentile 127 0.30 292 0.56


Zero Zero 62 0.10
80 0.15 189 0.39


Native American and
Alaska Native
   50th Percentile
   90th Percentile Zero Zero of small of small
   95th Percentile


Zero Zero made because made because


56 0.03 numbers of numbers of


Estimate not Exposures not


respondents.    respondents.


Other 
   50th Percentile
   90th Percentile
   95th Percentile


Zero Zero 83 0.18
Zero Zero 294 0.64
62 0.13 327 0.81


Total number of 24-hour food consumption recall reports: White (16,241); Black (2,580); Asian and1


Pacific Islander (532); Native American and Alaska Native (166): and Other (1,195).
 Number of 24-hour food consumption recall reports: White (1,821); Black (329); Asian and Pacific2


Islander (155); Native American and Alaska Native (12); and Other (98).


Month-Long Per-User Projections 


Estimates for month-long patterns of fish/shellfish consumption have been determined by using
1) fish/shellfish consumption frequency data to project consumption rates over a month-long period, and
2) NHANES III 24-hour recall data for users only.  These data are shown for the total population by
ethnic group (Table 5-16).
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Table 5-16
Month-Long “Per User” Estimates of Fish Consumption (g/day)and Mercury Exposure


(µg/kgbw/day)General Population by Ethnic/Racial Group; Combined Distribution Based on
NHANES III Fish/Shellfish Frequency and “Per User” Data


White/NonHispanic Black/NonHispanic Other


Percentile Fish/ Mercury Percentile Fish/ Mercury Percentile Fish Mercury
Shellfish (µg/kgbw Shellfish (µg/kgbw Shellfish (µg/kgbw
(g/day) /day) (g/day) /day) (g/day) /day)


50th 8 0.02 50th 10 0.02 50th 12 0.02


75th 19 0.04 75th 26 0.05 75th 29 0.06


90th 43 0.09 90th 60 0.13 90th 65 0.17


95th 69 0.15 95th 99 0.21 95th 105 0.31


Age-Related Differences in Fish/Shellfish Consumption and Mercury Exposure


A major uncertainty identified in this risk characterization are limitations in the data is the
absence of data to assess health hazards of methylmercury for children.  However, because brain
development continues post-natally, mercury exposure among young children are of concern.  Analyses
of exposure to mercury among young children have identified children as the major subpopulation of
concern.  The basis for this concern is that intake of methylmercury from fish is estimated to be greater
for children (on a per kilogram body weight basis) than for adults based on 24-hour recall data for fish
consumption by children and the assumption that frequency of fish/shellfish consumption is comparable
to that of adults.  On a µg/kgbw/day basis, the exposure for children aged 14 years and younger is
estimated to be up to two-to-three times that of the adult.  These data are presented in Tables 5-17 and 5-
18, respectively.  The higher estimated exposure to methylmercury is the result of the higher intake of
food on a per weight basis among children.  exposed post-natally to methylmercury. 


All of the dietary surveys evaluated for this Report indicate that children age 10 and younger
have higher intakes of fish and shellfish on a body weight basis than do adults.  This pattern occurs in the
CSFII 89-91, CSFII 1994, and CSFII 1995 surveys, and in NHANES III.  Detailed analyses for various
age groups are found in Volume IV.  As is the situation with adults, it is uncertain how often children
consume the pattern of fish and shellfish that are shown in the 24-hour recall data.  There are no specific
fish/shellfish frequency of consumption data for children as there were for adults from the NHANES III
data.  Consequently, a simplifying assumption was made to utilize the fish/shellfish consumption
frequency data from the corresponding adult group to represent children from that particular ethnic/racial
group.  The smaller portion size of fish/shellfish and the differences in species of fish selected by
children were described with the 24-hour recall data specific for children.  Only the data on frequency of
consuming fish and shellfish represented by the 24-hour recall pattern come from the adult data.


Comparison of the 50th, 90th and 95th percentiles for fish/shellfish consumption for children
aged 3 to 6 years on a  “per user for individual days,” and “month-long per user” estimates are shown in
the following tables (Tables 5-17 and 5-18).


Table 5-17
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Consumption of Fish and Shellfish (g/day) and Mercury Exposure (µg/kgbw/day)
For Children Aged 3—6 Years  


Estimates “Per User” and “Month-Long Per User”
Dietary Survey Data from NHANES III


Percentile
Per User Per User Month-Long 


Individual Day Estimate


Fish/Shellfish Mercury Fish/Shellfish Mercury
 Consumption Exposure Consumption Exposure


(g/day) (µg/kgbw/day) (g/day) (µg/kgbw/day)


50th 43 0.28 5 0.03


90th 113 0.77 25 0.17


95th 151 1.08 39 0.28


Table 5-18
Consumption of Fish and Shellfish (g/day) and Mercury Exposure (µg/kgbw/day)


For Children Aged 3 — 6 Years; Estimates “Month-Long Per User”
Individual Ethnic/Racial Groups


Dietary Survey Data from NHANES III


Percentile Ethnic/Racial Group


All Groups White/Non- Black/Non- Other
Hispanic Hispanic


50th Fish 5 5 6 7


Mercury 0.04 0.04 0.03 0.04


75th Fish 12 11  13 17 


Mercury 0.08 0.08 0.08 0.11


90th Fish 25 24 27 27 


Mercury 0.18 0.16 0.19 0.25


95th Fish 39 37 44 57 


Mercury 0.29 0.25 0.33 0.426


5.5 Comparison of Dietary Exposure Estimates with Hair Mercury Concentrations


As dietary intake of methylmercury from fish and shellfish increases, mercury concentrations in
hair also increase.  The association between dietary intake and hair mercury concentrations, and between
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maternal hair mercury concentrations and changes the child’s developmental profile have been discussed
extensively in other Volumes and other Chapters within this Volume.  U.S. EPA’s Reference Dose (RfD)
describes a dose within a range of methylmercury exposures judged to be without known adverse effects. 
The RfD for methylmercury is 0.1 µg/kgbw/day and is associated with a hair mercury concentration of
1.1 µg/kg hair or 1.1 ppm.  The RfD is derived from a benchmark dose associated with hair mercury
concentrations of 11 µg/g mercury in hair.


Normative data on hair mercury concentrations that are representative of the U.S. population do
not exist.  Such data were not included in NHANES III or previous NHANE Surveys.  It is anticipated
that hair mercury analyses will be included in the biological samples and chemical analyses that are
conducted in the fourth National Health and Nutrition Examination Survey.   In 1997, however,  there are
available data from two diverse groups of subjects.  The first group is general populations living in the
United States that are anticipated to have no unusual exposures to methylmercury.  The second group are
populations that are thought to consume higher than typical amounts of fish/shellfish and methylmercury.


5.5.1 General Population


General population data on hair mercury concentrations in the United States are described by
Crispin-Smith et al. (1997), Creason et al. (1978 a,b,c), and Airey (1983).  The data described by Crispin-
Smith et al. were published in 1997 and indicate that the mean mercury concentration in hair was 0.48
ppm based on 1,431 individuals.  Within this group 1,009 individuals who reported consuming some
seafood had hair mercury concentrations of 0.52 ppm.  The highest hair mercury concentration described
by these data suggest a maximum value of 6.3 ppm.


Creason et al. (1978 a,b,c) described hair mercury concentrations in three geographic regions: 
New York Metropolitan Area (1978a);  New Jersey (1978b); Birmingham, Alabama (1978c); and
Charlotte, North Carolina (1978c).  Although these data are unpublished, reports describing the data are
available as these studies were conducted by U.S. EPA.  The data fit a log-normal distribution in which
the arithmetic mean of the data is higher than the geometric mean in the data.  A major uncertainty in
these data is that, although the data are log-normally distributed, the data were truncated with individual
values outside ± 3 standard deviations from the mean of the logs of the sample excluded from
calculations.  Consequently, values that are high or low are excluded from these data.  The detection limit
based on the analytical method is not provided and it is unclear from the written reports how “zeros” and
“trace concentrations” were handled in calculation of the means upon which these exclusion criteria (i.e.,
± 3 S.D.) were applied.  As a result, major uncertainties exist regarding these data.


  Airey (1983) reported on hair mercury levels in 13 countries including data from the United
States.  Arithmetic means ranged between 1.8 and 3.3 ppm from geographic locations including La
Jolla/San Diego, Maryland, and Seattle.  The number of U.S. subjects totaled 196 adult men and women. 
The maximum value for hair mercury concentration reported was 7.9 ppm.  The arithmetic mean was 2.4
and the geometric mean was 1.9 ppm — consistent with a log normal distribution.  Information on the
detection limit and how “zero” and trace values were incorporated into calculations of the mean was not 


described.  As with the work described by Crispin-Smith (1997) and Creason et al. (1978a,b,c),
uncertainties exist making these data difficult to interpret fully.


Overall, the data from Crispin-Smith (1997) and Creason et al. (1978a,b,c) suggest that the
geometric mean for hair mercury content for the general population is less than 1 ppm.  Considering data
described by Airey (1983), the mean for the United States is between 1.9 ppm (geometric mean) and
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2.4 ppm (arithmetic mean).  Because the data reported by Creason et al. (1978 a,b,c) were censored to
exclude values outside ± 3 S.D. from the geometric mean, estimates of typical hair mercury
concentrations carry substantial uncertainty.  Data by Crispin-Smith (1997) have not been adequately
assessed as to the level of uncertainty that should be associated with their findings. 


5.5.2 Subpopulations with Higher Exposures to Fish/ Shellfish and Mercury


During the period 1995 through 1997 reports of hair mercury concentrations among people likely
to have higher than typical levels of fish consumption have appeared either in the unpublished or
published literature (Knobeloch et al., 1995; Gerstenberger et al., 1997;  Harnly et al., 1997).  In 1991,
Lasora et al. (1991) reported on hair mercury concentration in 80 women of childbearing age from
Alaska.  Data describing more highly exposed individuals are very limited in number of subjects and
show diverse results.  Maximum values from Gerstenberger et al. (1997) and Harnly et al. (1997) were
between 2 and 3 ppm.  Values reported by Knobeloch et al. (1995), Fleming et al. (1995) and Lasora et
al. (1991) were between 10 and 16 ppm.  The highest values reported in these surveys are in the range of
the benchmark dose for methylmercury: 11 µg Hg/g hair.     


5.5.3 Comparison with Dietary Intake of Mercury


The comparisons that follow are only for women aged 15 through 44 years.  A summary of the
results from the “per capita” data on the dietary surveys at the 50th percentile indicate there is no
consumption of fish/shellfish and methylmercury.  At the 95th percentile fish/shellfish intake is slightly
over 100 grams per day and mercury exposures are about 0.16 µg/kgbw/day.  On a per user basis, when
only one 24-hour recall is used to estimate mercury exposure, a distribution of daily exposures is
calculated (Table 5-19).  If typical hair mercury concentrations are less than 1 ppm, the “per capita” 95th
percentile data, the 50th percentile of the “per user” based on a single day of recall, and all of the month-
long projections of the per user data are consistent with hair mercury concentrations of less than 1 ppm. 
If the value reported by Airey (1983) of 2-3 ppm is the appropriate estimate for hair mercury
concentrations in the general population,  then all estimates of mercury intake from the dietary surveys
(except the 90th and 95th percentile estimates from the “per user”method of calculation based on single
days recall information) are consistent with hair mercury data.


The upper range of mercury exposures in the United States is associated with hair mercury
concentrations estimated to be approximately 5 to 16 ppm.  There are no data indicating how commonly
hair mercury concentrations at these levels occur.  The highest values are associated with dietary mercury
intakes greater than any projected using concentrations for mercury in fish and shellfish (e.g.,
approximately 0.12 to 0.15 ppm).  Persons or subpopulations with these elevated exposures may be
eating fish/shellfish coming from a more contaminated source (see Table 5-8) for ranges of mean
mercury concentrations reported in the United States).  Alternately these individuals may have an
additional source of mercury exposure.   
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Table 5-19
Fish Consumption (g/day) and Mercury Exposure (µg/kgbw/day) Among 


Women Aged 15-44, Based on Per Capita, Short-term Per User, and Month-long Projections


Basis for Comparison Fish Consumption Mercury Exposure
(g/day) (µg/kg bw/day)


Per Capita from Dietary Surveys
  50th Percentile
  95th Percentile         


Zero Zero
102 0.16


Per User - Single Day Data
  50th Percentile
  75th Percentile 122 0.20
  90th Percentile
  95th Percentile


68 0.10


210 0.38
278 0.53


Per User - Month-Long Projections
  50th Percentile
  75th Percentile
  90th Percentile 46 0.08
  95th Percentile                 78 0.13


9 0.01
21 0.03


5.6 Estimates of Sizes of At-Risk Populations
 


5.6.1 Number of Human Subjects in At-Risk Subpopulations in the United States


The number of human subjects who constitute the at-risk subpopulation depends on the health-
based endpoint(s) used in the risk assessment.  If paresthesias are the health-based endpoints of concern,
then any adult male or female can be considered potentially at-risk depending on the quantity of fish
consumed.  The total population of the United States aged 15 years or older is approximately
194,858,000 million based on 1990 U.S. Census data.  The male population in this age group numbers
approximately 93,669,000.  The female population in these ages numbers approximately 101,187,000.


The risk of paresthesia for children is difficult to estimate because of serious limitations of data
on effects of methylmercury exposure among children who were not exposed in utero.  Initial
epidemiology investigations in Minamata and Niigata, Japan, where chronic exposure was to
methylmercury contaminated fish, indicated that the highest frequency of disease was observed among
subjects aged 20-59 years.  Fish consumption among subjects in the age category birth to 10 years of age
was lower than for older subjects (Tsubaki and Irukayama, 1977).   Cases of fatal Minamata disease,
however, included six children (aged 2.5, 4.5, 5.0, 6.4, 7 and 8 years) among 38 cases (Tsubaki and
Irukayama, 1977).  Because the methylmercury contamination in the Minamata area existed for a number
of years, it is not possible to  clearly separate prenatal from postnatal exposure.  Harada (1977; as cited in
Tsubaki and Irukayama, 1977) provided an analysis of the frequency of occurrence of various symptoms
and signs in Minamata disease.  Adults had a 100% incidence of paresthesia.  Occurrence of paresthesia
among congenital cases and children was considered to be unclear, but Harada noted that all patients had
a sensation of pain.
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Children were also affected by methylmercury poisoning in an Iraq epidemic.  Rustam and
Hamdi (1974) included the age groups "birth through 10 years" and "11 through 20 years" in the patients
they evaluated in a neurological study of methylmercury poisoning in Iraq.  The pediatric patients were
not cases of in utero exposure because the youngest of this group was identified as 5 years of age.  In
their discussion of individual variation in response to mercury, Rustam and Hamdi observed that "in
general, younger patients suffered heavier damage than the older ones" (Rustam and Hamdi, 1974).


Exposure patterns for children (see Volume IV and Chapters 4 and 5 of this Volume) suggest that
they may be an at risk group because of their exposure to methylmercury on a "per kilogram body
weight" basis is much higher compared with adults.  Neuronal migration, a process specifically affected
by methylmercury, begins at about six weeks in utero, and the process continues until five months after
birth (Chi et al., 1977).  Considering the broad-based impairment of nervous system metabolism that can
be produced by methylmercury (among others see Atchison and Hare, 1994), that nervous system
development continues post-natally through at least the third to fourth year of life [visual connections are
complete around 3 to 4 years of age (Hohman and Creutzfeld, 1975)], and that the human brain is not
fully mature until approximately age 20 (Rodier, 1994), children may be at greater risk of adverse
sensory-motor effects of methylmercury than are adults.  If children are arbitrarily defined as persons
aged less than 15 years, the U.S. population of chilren is approximately 53,853,000 based on 1990 census
data (Table 5-20).


Table 5-20
Resident Population of the United States and Divisions, April 1, 1990 Census


by Gender and Age; in Thousands, including Armed Forces Residing in Region


Division/Gender Total <15 Years of 15-44 Years of �45 Years of
Age Age Age


United States 248,710 53,853 117,610 77,248


Male 121,239 27,570 58,989 34,680


Female 127,471 26,284 58,620 42,567


% Female 51.3 48.8 49.8 55.1


Developmental endpoints have also been used to establish the critical effects for methylmercury. 
Estimates of the size of the population of women of reproductive age, number of live births, number of
fetal deaths, and number of legal abortions can be used to predict the percent of the population and
number of women of reproductive age who are pregnant in a given year.  This methodology has been
previously used in the Agency for Toxic Substances and Disease Registry's (ATSDR's) Report to
Congress on The Nature and Extent of Lead Poisoning in Children in the United States (Mushak and
Crocetti, 1990).  To estimate the size of this population on a national basis Vital and Health Statistics
data for number of live births (National Center for Health Statistics of the United States, 1990; Volume I,
Natality, Table 1-60, pages 134-140), and fetal deaths (National Center for Health Statistics of the United
States, 1990; Volume II, Mortality; Table 3-10, pages 16, 18, and 20).  The incidence of fetal wastage,
that is, spontaneous abortions prior to 20 weeks of gestation was not considered since no systematically
collected, nationally based data exist.
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The estimate of number of women of childbearing age includes some proportion of women who
will never experience pregnancy.  However, substitution of the number of pregnancies in a given year
provides some measure of assessing the size of the surrogate population at risk.  Estimates of the size of
the population were based on "Estimates of Resident Population of the United States Regions and
Divisions by Age and Sex" (Byerly, 1993).  The Census data for 1990 were grouped by age and gender. 
The sizes of these populations are shown in Table 5-21.


Women aged 15 through 44 are the age group of greatest interest in identifying a subpopulation
of concern for the effects of a developmental toxin such as methylmercury.  This population consisted of
58,222,000 women living within the contiguous United States (Table 5-22).  This population was chosen
rather than for the total United States (population 58,620,000 women ages 15 through 44 years) because
the dietary survey information from CSFII 89-91 did not include Hawaii and Alaska.  Based on estimates
of fish consumption data for Alaska by Nobmann et al. (1992) the quantities of fish eaten by Alaskans
exceeds those of the contiguous U.S. population.  It is also estimated that residents of the Hawaiian
Islands also have fish consumption patterns that differ from those of the contiguous United States.


The number of pregnancies per year was estimated by combining the number of live births,
number of fetal deaths (past 20 weeks of gestation) and the number of legal abortions.  The legal abortion
data were based on information published by Koonin et al. (1993) in Morbidity and Mortality Weekly
Report.  These totals are presented in Table 5-22.  As noted in this table, the total of legal abortions
includes those with unknown age which were not included in the body of each table entry.  There were
2,929 such cases for the United States in 1990 or 0.2% of all legal abortions.  Another complication in
the legal abortion data was for the age group 45 and older.  The available data provide abortion data for
40 years and older only.  To estimate the size of the population older than 45 years, the number of legal
abortions for women ages.  40 years and older were allocated by using the proportions of Live Births and
Fetal Deaths for the two age groups 40-44 and 45 and older.


It was estimated that within the contiguous United States 9.5% of women ages 15 through 44
years were pregnant in a given year.  The total number of live births reported in 1990 for this age group
was 4,112,579 with 30,974 reported fetal deaths and 1,407,830 reported legal abortions.  The estimated
number of total pregnancies for women ages 15 through 44 years was 5,551,383 in a population of
58,222,000 women (Table 5-22).


Table 5-21
Resident Population of the Contiguous United States, April 1, 1990 Census


by Gender and Age; in Thousands, including Armed Forces Residing in Region


Division/Gender Total <15 Years of Age 15-44 Years of �45 Years of Age
Age


Contiguous U.S. 247,052 53,462 116,772 76,817


Male 120,385 27,369 58,548 34,467


Female 126,667 26,094 58,222 42,348


% Female 51.3 48.8 49.9 55.1
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Table 5-22
Pregnancies by Outcome for Resident Females by Divisions and States,


U.S. 1990, by Age*


United States Outcome Total** <15 Years 15-44 Years �45 Years***


Females 127,471,000 26,284,000 58,620,000 42,567,000


Live births 4,158,212 11,657 4,144,917 1,638


Fetal deaths 31,386 174 31,176 36


Legal 1,429,577 11,819 1,413,992 837
abortions


Total 5,619,175 23,650 5,590,085 2,511
pregnancies


% Pregnant -- 9.5 --


Contiguous
United States


Females 126,667,000 26,094,000 58,222,000 42,348,000


Live births 4,125,821 11,615 4,112,579 1,627


Fetal deaths 31,183 173 30,974 36


Legal 1,423,340 11,765 1,407,830 833
abortions


Total 5,580,344 23,553 5,551,383 2,496
pregnancies


% Pregnant -- -- 9.5 --


 Data sources: Byerly ER, State Population Estimates by Age and Sex: 1980-1992, U.S. Bureau of the*


Census. National Center for Health Statistics of the U.S. vol. I. Natality, Vol. II. Mortality, 1990. Koonin
et al. Abortion Surveillance - US, 1990: MMWR 42:29-57, 1993.
** Total of legal abortions includes those with unknown age which are not included in the body of each
table entry.  There were 2929 such cases for the U.S. or 0.2% of all legal abortions.
*** Cited sources provided abortion data for 40 years and older only.  These were allocated by using the
proportion of Live Births and Fetal Deaths for the two age groups 40-44 and 45 and older.
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6. INTEGRATIVE ANALYSIS FOR METHYLMERCURY


6.1 Characterization of Risk:  Quantitative Integration of Human and Wildlife Exposure and
Dose-Response


6.1.1 Introduction


In this chapter findings from the exposure analyses are integrated with those from the dose-
response assessments for both humans and wildlife.  This integration is done only for methylmercury, as
the exposure assessment indicates this is the form to which the greatest exposure is likely.  The
quantitative dose-response measures used for methylmercury are these:  the human RfD of 1x10  mg/kg--4


day and the benchmark dose from which it was derived; the individual wildlife criteria and the wildlife
RfDs, LOAELs and NOAELs on which they were based. (These are defined in Volumes V and VI).


The purpose of Section 6.2 was to determine which of the species (humans and other animals)
considered to consume fish from the hypothetical water body (developed in Volumes III and IV) is
expected to be adversely affected by the lowest methylmercury concentrations in fish (that is, individuals
of which species are expected to be the most at risk from methylmercury concentrations in fish). 
Comparisons of the fish consumption rate assumptions for humans and the five wildlife species
considered (presented in Volumes V and VI) and the health endpoint data (developed in Volumes V and
VI) for the species considered are presented.  Assumptions employed to estimate the transport of mercury
through the aquatic food chain model (developed in Volumes III) are described to illustrate the impact of
selected uncertainties underlying the assumptions.  The fish consumption rate assumptions and the health
endpoint data were then integrated to assess the methylmercury levels which correspond to exceedences
of  health criteria.


The aim of Section 6.3 was to compare quantitative dose-response estimates or recommendations
with measured mercury levels in fish and to determine the numbers of individuals estimated to consume
those mercury levels.  This comparison gives an indication of the size of the population that is not likely
to be impacted by mercury.  Comparisons with the total population numbers gives an indication of the
size of the "at risk" population.


6.1.2 Description of Critical Terminology for this Section


Definitions and descriptions of several terms used in this section are reviewed for the reader in
this section. 


6.1.2.1 Human Health Based Levels


No-Observed-Adverse-Effect Level (NOAEL)


An exposure level at which there are no statistically or biologically significant increases in the
frequency or severity of adverse effects between the exposed population and its appropriate control; some
effects may be produced at this level, but they are not considered adverse or precursors to specific
adverse effects.  In an experiment with several NOAELs, the regulatory focus is primarily on the NOAEL
seen at the highest dose.  This leads to the common use of the term NOAEL to mean the highest exposure
without adverse effect.
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Lowest-Observed-Adverse-Effect Level (LOAEL)


 The  lowest exposure level at which there are statistically or biologically significant increases in
frequency or severity of adverse effects between the exposed population and its appropriate control
group.


Uncertainty Factor (UF) 


One of several, generally 10-fold, factors used in operationally deriving the reference dose (RfD)
from experimental data.


Reference Dose (RfD)


An estimate (with uncertainty spanning perhaps an order of magnitude) of a daily exposure to the
human population (including sensitive subgroups) that is likely to be without an appreciable risk of
deleterious effects during a lifetime.


RfD = NOAEL or LOAEL ÷ UF x MF


6.1.2.2 High-End Fish/Shellfish Consumers


Within each of the three general groups of fish consumers described in the Report, the general
population, recreational anglers, and subsistence fish-consumers, there are high end fish consumers. The
proportion of high-end consumers within these groups is thought to increase from the general population,
to recreational anglers, and finally to subsistence fish-consumers. The term "subsistence fish-consumers"
has been used to describe various persons who rely on fish as a major source of protein.  "Subsistence
fish-consumers" are not defined by whether the fish/shellfish are self-caught or obtained for money. 
Groups with high fish intake are typically determined by social, economic, ethnic, and geographic
characteristics.  An additional group of people consume high levels of fish in response to numerous
health-based messages that have promoted the consumption of fish to reduce the likelihood of disease,
particularly of the cardio-vascular system.  Further, there are large numbers of people who simply prefer
fish and shellfish as a source of protein. Consequently in the following analyses, "high-end fish
consumers" include these groups:  anglers; members of some Native American Tribes; members of ethnic
groups who consume higher than typical intakes of fish; persons who preferentially select fish for health-
promotion purposes; individuals who relish the taste of fish; and persons who rely on self-caught fish
from local sources because of limited money to buy food.


Although humans have a degree of choice on their source of protein, the wildlife described have
much more restricted choices on protein sources because they are confined spatially or territorially. 
Consequently all consumption by wildlife has been assumed to be locally caught, although the highest
predators in the aquatic food web cover wide territories.


6.2 Integration of Modeled Methylmercury Exposure Estimates for Humans and Wildlife with
the Dose-Response Assessments


This section presents an integrated risk characterization for the humans and wildlife that were
assumed to reside in the hypothetical lacustrine (fresh water waterbody) setting developed in Volumes 3
and 4 of this Report. The approach selected includes both avian and mammalian wildlife species. It
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utilizes a common exposure medium and the foodchain relationships developed in the IEM-2M model.
This approach also draws upon the reference dose (Volume 5) and wildlife criterion (Volume 6)
developed in the Report. 


The approach attempts to answer three questions for the hypothetical site: 


1) Which species is the most exposed (daily) to methylmercury on a per kg bw basis?, 


2) Using the health criteria developed, which species is most sensitive to methylmercury on
a per  kg bw basis?, and finally 


3 ) In this hypothetical ecosystem, at what methylmercury concentration in fish are the
health        criteria exceeded? 


Answering these questions would indicate which species are most susceptible to methylmercury
contamination of fish. Clearly, many uncertainties and simplifying assumptions are employed in the
analysis to address the questions. See Figure 6-1.


6.2.1 Methylmercury Intake by Humans and Wildlife Based on the IEM-2M Modeling 


A comparison of pollutant exposure levels across the species in an ecosystem requires, among
other things, a knowledge of :


• the environmental fate of the pollutant (including chemical transformation of the pollutant in the 
environment); 


• significant contact medium (or media); and 
• contact rates and body weights of the wildlife species and the human subpopulations in the 


ecosystem.


The source of much of this data was the results of and inputs to the IEM-2M model  (Volume III
of this Report).


Although methylmercury is found in other media and biota, it accumulates to the highest
concentrations in fish, particularly piscivorous fish.  This conclusion is based upon both the measurement
data and the results of the modeling presented in Volume III of this Report.  Methylmercury remains
essentially unchanged in fish tissue, when subjected to human preparation methods (e.g., cooking). 
Although methylmercury exposure may occur through other routes, the fish consumption pathway
dominates these other methylmercury exposure pathways in piscivores.  This is clearly the result of the
bioaccumulation of methylmercury in their food source, fish, and because this compound is highly
bioavailable from fish.  


Other forms of mercury are also toxic. Since they are not known to accumulate in commonly
eaten foods, and since they are not as bioavailable as methylmercury in most media, they do not dominate
human exposure to mercury and they are not of as great a concern. Consequently, the following
comparison of methylmercury contact rates is based solely on the daily ingestion rate of fish and
assumptions pertaining to the relationship between the methylmercury concentrations in both
planktivorous and piscivorous fishes. 







TL4TL3


[MHg] in TL3 x 5 = [MHg] in TL4


High-End
Fish
Consumer
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Figure 6-1
Overview of Integration of Modeled Exposure Estimates
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The piscivores selected for analysis were these: human high-end local fish consumer (or
subsistence fisher), bald eagle, osprey, loon, kingfisher, mink and otter.  All species were assumed to
consume fish from the same lake and the same concentrations of methylmercury were assumed to exist in
the fish of the same trophic level.  The piscivore estimated methylmercury contact rate from fish
consumption was based on two important factors:  the methylmercury concentration in the contaminated
fish and the daily amount of fish eaten.


In the Report mercury residues in fish were estimated by making the simplifying assumption that
aquatic food chains could be adequately represented using four trophic levels.  Respectively, these
trophic levels are the following:  level 1 - phytoplankton (algal producers); level 2 - zooplankton (primary
herbivorous consumers); level 3 - small forage fish (secondary consumers); and level 4 - larger,
piscivorous fish (tertiary consumers). While the exact quantity of methylmercury in fish in this analysis
of fish consumers is not critical, the relationship between the methylmercury concentration of trophic
level 3 fish and the methylmercury concentration in trophic level 4 fish is critical. This relationship is
defined by the predator-prey factor for trophic level 4 fish (The symbol is PPF  in Appendix D of4


Volume III). PPF  is defined as the (unitless) factor by which methylmercury concentrations in trophic4


level 4 organisms exceed those in the trophic level 3 organisms upon which they prey. Appendix D
concluded that the value was distributed lognormally (GM = 4.95; GSD = 1.464), through rounding a
geometric mean of 5 is estimated. As a result, trophic level 4 fish are predicted by the model employed to
have levels of methylmercury in their tissues that are 5 times those of trophic level 3 fish in the same
water body. Appendix D of Volume III details the distribution of  this relationship between the trophic
levels.


The biomagnification of methylmercury as modeled through the aquatic food web significantly
impacts the exposure of piscivores.  Those piscivores consuming a diet primarily consisting of trophic
level 3 fish (Table 6-1) would be predicted to receive approximately 5 times less (20 percent of)
methylmercury per gram of fish eaten than those eating trophic level 4 fish from the same water body. 
Humans, which are assumed to eat only trophic level 4 fish, will have a greater methylmercury exposure
per gram of fish consumed than ospreys and kingfishers, which are assumed to consume only trophic
level 3 fish from the same water bodies.  Similarly, otters, which are assumed to consume an 80/20 mix
of trophic levels 3 and 4 fish will have a greater methylmercury exposure per gram of fish consumed than
minks, which are assumed to eat only trophic level 3 fish.


The ratio of grams fish consumed per day to piscivore body weight (Table 6-2) is also important
in estimating methylmercury exposure on a g/kg bw/day basis.  The greater this ratio the higher the
resulting methylmercury exposure assuming methylmercury concentrations in consumed fish are
constant.  For example, osprey and kingfishers each consume trophic level 3 fish only.  Since kingfishers
daily consume 50 percent of their body weights in fish and osprey roughly 20 percent of their body
weights in fish of the same trophic level, the resulting average daily methylmercury intake in g/kg body
weight will be higher among the kingfisher population.


Assuming that these piscivorous birds and mammals and the human fish-eating subpopulations
consume fish from the same lake, the estimates of daily consumption rates, the trophic level of the fish
consumed and the body weight of the animal all contribute significantly to methylmercury exposure
when expressed on a per kg of body weight basis.  For example, the daily fish consumption of the otter is
approximately 16% of body weight and that of mink is 20%.  Trophic level 4 fish are assumed to make-
up roughly 20% of the otter's total fish consumption with the other 80% consisting of trophic level 3 fish;
on the other hand, minks are assumed to eat exclusively trophic level 3 fish.  As a result of percent of
daily body weight consumed as fish and the trophic level of fish consumed, otters will have a higher
methylmercury contact rate than mink.
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By using the relationship for methylmercury concentrations described by PPF , the estimates of4


exposure based on  the daily fish consumption rates from each trophic level and the body weight of the
animal, the rates of methylmercury exposure (in mg/kg bw/day) for the animals in this hypothetical
environment can be ranked. To illustrate this, assume that for a lake at a given location all trophic level 3
fish have residue levels of 0.1 µg methylmercury/g fish tissue; the trophic level 4 fish would be predicted
to have methylmercury concentrations of 0.5 µg/g.  Eagles at this lake consume (370 g/day x 0.1 µg
methylmercury/g fish tissue) + (90 g/day x 0.5 µg methylmercury/g fish tissue)= 82 µg
methylmercury/day; given the body weight estimate 4.5 kg, the rate of exposure is estimated as 18 µg/kg
bw/day.


Continuing the example exposure estimates for the other species at this lake:  


Ospreys:  0.1 µg/g x 300g/day/1.5 kg bw = 20 µg/kg bw/day; 


Kingfishers:  0.1 µg/g x 75g/day/0.15kg bw = 50 µg/kg bw/day; 


Loons:  0.1 µg/g x 800g/day/4 kg bw = 20 µg/kg bw/day; 


Otters consume both trophic level 3 and 4 fish:


  (0.1 µg/g x 976 g/day + 0.5 µg/g x 244 g/day)/7.4 =30 µg/kg bw/day;


Mink:  0.1 µg/g x 160.2 g/day/0.8 = 20 µg/kg bw/day; and


High-end fish-consuming humans at this lake:  0.5 x 60 g/day/70 = 0.4 µg/kg bw/day.


For the purposes of this analysis, the methylmercury level in the fish is irrelevant to the rank;
only the relationship between the aquatic trophic levels and the amount a piscivore consumes from each
level are critical.  Using this model and the assumptions in Tables 6-1 and 6-2, question 1, which asks
which species is the most exposed (daily) to methylmercury on a per kg bw basis, can be addressed. The
predicted piscivore exposure ranking from highest to lowest is:  kingfisher > otter > osprey, mink, loon >
bald eagle > human high-end fish consumer.
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Table 6-1
Assumed Fish Consumption Rates by Trophic Level for 


Piscivorous Birds, Mammals, and Human High-end Fish Consumer


Animal Trophic Level 3 Fish Trophic Level 4 Fish
 Ingestion Rate  Ingestion Rate
(g /day) (g /day) wet weight  wet weight


Bald Eagle 370 90


Osprey 300 0.00


Loon 800 0.00


Kingfisher 75 0.00


River Otter 976 244


Mink 160.2 0.00


Human High-End 0 60.00
Fish Consumer


Table 6-2
Exposure Parameters for Mink, Otter, Kingfisher, Loon, Osprey, and Eagle


Species of Wildlife Each Trophic Aquatic
Body Wt. Ingestion Rate
(Wt ) kg (F ) kg/dA A


Trophic Level % Diet at % of Non-


Food Source Level (3,4) Foods in Diet


Mink 0.80 0.178 3 90 10


Otter 7.40 1.220 3,4 80,20 0


Kingfisher 0.15 0.075 3 100 0


Loon 4.0 0.8 3 100 0


Osprey 1.50 0.300 3 100 0


Eagle 4.60 0.500 3,4 74,18 8


Human High 70 0.06 4 100 NA
End Fish
Consumer


NA- Not Addressed


The ranking demonstrates the importance of the trophic level of the fish which the piscivore
consumes, the daily consumption rate, and the ratio of daily fish consumption rate to body weight. 
Despite consuming a comparatively small amount of trophic level 3 fish, the kingfisher ranked first in
this exposure ranking scheme; these birds consume large amounts of fish on a daily basis by comparison
to their body weights.  This use of this method also illustrates that within this hypothetical ecosystem the
human methylmercury exposure rate based on fish consumption is much lower than that of these
piscivorous wildlife.
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6.2.2 Comparison of Dose-Response Estimates Across Species


The second step for ranking species at risk from fish-related methylmercury exposure entails a
comparison of the health criteria and endpoints across species.  The chemical species of mercury (i.e.,
methylmercury) and the route of exposure (i.e., fish consumption) are the same for all wildlife species
and humans.  For the comparisons across health endpoints to be valid, the health effects must be judged
to be of similar concern for the species considered.


Methylmercury (as described in Volumes V and VI of this Report) has deleterious effects on the
chordate nervous system.  Methylmercury also efficiently passes through the intestinal walls of chordates
and into the blood.  Once in the blood, methylmercury may cross the blood brain and placental barriers
and impact the susceptible neuronal tissues. The human health endpoint of concern is developmental
neurotoxicity.  The health endpoints of concern for the avian wildlife species are reproductive and
behavioral deficits and for the mammalian quadrupeds are neurological effects.  For more details see
Volumes V and VI.


6.2.2.1 Human Health Endpoints and the RfD


 U.S. EPA has on two occasions published RfDs for methylmercury which have represented the
Agency consensus for that time. These are described in the sections below.  At the time of the generation
of the Mercury Study Report to Congress, it became apparent that considerable new data on the health
effects of methylmercury in humans were emerging.  Among these are large studies of fish or fish and
marine mammal consuming populations in the Seychelles and Faroes Islands.  Smaller scale studies are
in progress which describe effects in populations around the U.S. Great Lakes.  In addition, there are new
evaluations of published work described in  Volume V, including novel statistical approaches and
application of physiologically based pharmacokinetic models.


 As the majority of these new data are either not yet published or have not yet been subject to
rigorous review, it was decided that it was premature for U.S. EPA to make a change in the
methylmercury RfD at this time. The U.S. EPA’s Science Advisory Board (1997) concurred with this
decision.


The neurotoxicity of methylmercury in children exposed in utero has been determined to be the
critical effect for the human RfD.  The current RfD was based on a statistical analysis of data from
human subjects exposed to methylmercury through the ingestion route in Iraq (Marsh et al., 1987).  (See
Volume IV and Chapter 2 of this volume.)  The RfD for humans was estimated to be 1x10  mg/kg-day or-4


0.1 µg/kg bw/day.  To compare methylmercury dose-response in the observed response range, human
NOAELs and LOAELs were estimated from the Marsh et al. (1987) data by using the hair-mercury
concentration groupings given in the Seafood Safety report from NAS/NRC (NAS, 1991; see Table 5-4). 
In this report each of the maternal-child pairs were assigned to one of five hair-mercury concentration
groups.  The geometric means of each of the hair-mercury concentration groups were 1.4, 10.0, 52.5,
163.4 and 436.5 ppm.  The incidence of combined developmental effects (late walking, late talking,
mental symptoms, seizures or neurological score greater than 3) in each of the groups was 18.5 percent,
21.4 percent, 46.2 percent, 66.7 percent and 93.3 percent for the 1.4, 10.0, 52.5, 163.4 and 436.5 ppm
groups, respectively.  The combined developmental effects incidence was determined from Marsh et al.
(1987) by scoring an individual as a responder if one or more of the developmental effects was observed,
summing the responders across each group and dividing by the number of individuals in each group. 
These concentration groupings and incidences of combined developmental effects were used in the
calculation of the benchmark dose for the derivation of the methylmercury RfD.  The benchmark dose of
11 ppm mercury in hair was operationally equivalent to a NOAEL in the derivation of the methylmercury
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RfD.  A LOAEL of 52.5 ppm mercury in hair was estimated for this risk characterization from inspection
of data in Table 6-3.  The NOAEL of 10 ppm mercury in hair and the LOAEL of 52.5 ppm mercury in
hair correspond to ingestion levels of 1 µg/kg-day and 5.3 µg/kg-day, respectively; these dose
conversions were made by applying the methods for converting hair mercury concentrations to ingestion
levels used in the derivation of the RfD in Volume V of this Report.   


A composite Uncertainty Factor (UF) of 10 was developed in the derivation of the oral RfD. This
composite UF accounted for a several UFs which potentially had values of between 1 and 10. These UFs
included a human population variability, specifically, variations in the biological half-life of
methylmercury, variation in human hair:blood mercury ratios, the lack of a two generation reproductive
study, and the lack of data on sequelae that result from longer durations of  exposure. 


Table 6-3
Incidence of Effects in Iraqi Children by Exposure Groupa


Effect
Dose (ppm) Mercury in Hair


1.37 10 52.53 163.38 436.60


Late walking 0 2 2 3 12


Late talking 2 1 3 4 11


Mental symptoms 1 0 1 3 4


Seizures 0 0 1 2 4


Neurological scores >3 3 1 4 3 9


Neurological scores >4 0 1 2 2 6


All endpoints 5 3 6 8 14


N (sample size) 27 14 13 12 15


 From Table 6-11 of Seafood Safety; dose is geometric meana


6.2.2.2. Wildlife Health Endpoints and the RfD


The RfDs for avian and mammalian wildlife are derived in Volume VI of this Report.  The avian
RfD was based on the data from a series of studies by Heinz and collaborators (Heinz, 1974, 1975,
1976a,b, 1979).  Heinz and collaborators fed mercury contaminated grain to mallard ducks.  A NOAEL
could not be identified.  The estimated LOAEL, based on reproductive and behavioral effects, was 64
µg/kg bw/day.  The avian RfD was estimated by dividing the LOAEL by the uncertainty factors. 
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The estimation of the RfD for the avian species utilized the following formula:   


RfD = TD ÷ (UF  x UF  x UF )],A S L


where:


RfD = 64 µg/kg bw/day  ÷ (1 x 1 x 3)


        = 21 µg/kg bw/day


where:  


TD - tested dose; here equal to the LOAEL of 64 µg/kg bw/day.


UF - an uncertainty factor to indicate the uncertainty in applying a dose-response derived forA


one species to another. A factor of 1 was applied.
UF - an uncertainty factor which accounted for extrapolation from a subchronic dose-S


response study to a chronic exposure. As the duration of the Heinz studies was for the
animals' lifetime, a factor of 1 was applied.


UF - an uncertainty factor employed to indicate uncertainty around the toxic threshold (i.e.,L


LOAEL to NOAEL).  A factor of 3 was applied; there was a separate analysis of
LOAEL to NOAEL data and the analysis 3 was most appropriate data.


The mammalian RfD was based on the data from a series of studies by Wobesser and
collaborators (Wobesser, 1973; Wobesser et al., 1976a,b).  Wobesser and collaborators fed
methylmercury to ranch mink.  A NOAEL of 55 µg/kg bw/day was estimated from these studies. The
estimated LOAEL, based on damage to the nervous system and liver, was 180 µg/kg bw/day. The
mammalian RfD was estimated by dividing the NOAEL by uncertainty factors. 


The estimation of the RfD for the mammalian species utilized the following formula:


RfD = TD  ÷ (UF  x UF  x UF )A S L


RfD = 55 µg/kg bw/day ÷ (1 x 3 x 1)


        = 18 µg/kg bw/day


where: TD - tested dose; here equal to the LOAEL of 55 µg/kg bw/day.


UF - an uncertainty factor to indicate the uncertainty in applying a dose-response derived forA


one species to another.  A factor of 1 was applied.  Mink and otter are considered to be
similar.


UF - an uncertainty factor which accounted for extrapolation from a subchronic dose-S


response study to a chronic exposure.  The Wobeser studies were judged to be
subchronic, and factor of 3 was applied. 


UF - an uncertainty factor employed to indicate uncertainty around the toxic threshold.  SinceL


a NOAEL was estimated a factor of 1 was applied.
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Based on the data developed for the health assessment, the human RfD is about 200 times lower
than the corresponding RfDs of the other animals (Table 6-4). On a per kilogram of body weight basis,
humans exceed this health criterion at lower rates of exposure to methylmercury. It must be noted that the
effects in humans are based on the RfD definition of a critical effect; that is the most sensitive reported
adverse effect or indicator of adverse effect. The human RfD is based on less severe (or more subtle)
effects than the wildlife RfDs; the RfD for mammals is based on neurologic damage in the mink and the
avian RfD is based upon behavioral and  reproductive effects in mallards. There is also an inconsistency
between the approaches used to derive RfDs for humans and wildlife; the assessment of RfD for wildlife
is based on health endpoints that relate to population effects rather than effects to a subpopulation.


Table 6-4
Animal and Human Health Endpoints for Methylmercury in µg/kg bw/day


Animal RfD Health Effect Related to RfD


Human 0.1 Neuro-developmental effects in children


Mammalian Quadrupeds 18 Frank neurological damage


Avian 21 Severe reproductive effects


6.2.3 Integration of Modeled Methylmercury Exposure Through Fish Consumption with Health
Criteria


In this section the dose-response and exposure estimates are integrated to predict concentrations
of methylmercury in fish tissue which correspond to the health criteria of the piscivore.  The
methylmercury body burdens in fish which correspond to piscivore health criteria are estimated by
dividing the product of the piscivore body weight (kg) and the human or wildlife RfD (µg/kg bw/day) by
the daily rate of fish consumption (g/day).  The units that result are expressed on the basis of fish muscle
methylmercury concentration (µg methylmercury/g fish muscle tissue).  The corresponding fish muscle
concentrations also account for the differences in methylmercury bioaccumulation between trophic level
3 and 4 fish (PPF ).  This was accomplished by converting the concentrations calculated for consumers4


of trophic level 4 fish to the values expected in trophic level 3 fish in the same lake.  Based on the
predator-prey factor, the difference in BAF  and BAF  is approximately a factor of 5 . This conversion 3  4


provided a standard medium (i.e., methylmercury concentrations in trophic level 3 fish tissues) for
comparison among all of the piscivorous species.
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Table 6-5
Concentrations of Methylmercury in Trophic Level 3 Fish Which, if Consumed at the


Assumed Rates on a Daily Basis, Result in Exposure at the RfD


Population Body TL3 Fish TL 4 Fish RfD Methylmercury Conc.
Weight Consumption Consumption (µg/kg/day) in Trophic Level 3


(kg) (g/day) (g/day) Fish at RfD (µg/g)


Kingfisher 0.15 75 0 21 0.04


Loon 4 800 0 21 0.11


Osprey 1.5 300 0 21 0.11


Eagle 4.6 370 90 21 0.12


Otter 7.4 976 244 18 0.06


Mink 0.8 160.2 0 18 0.08


High-End 70 0 60 0.1 0.02
Human


The results presented in Table 6-5 show the methylmercury levels in trophic level 3 fish which
correspond to the health criteria. From these results the species considered can be ranked based on the
fish concentration which corresponds to the RfD; from lowest to highest these are: Human  � Kingfisher
� Otter � Mink  � Loon, Osprey, Eagle. Using the common medium of trophic level 3 fish, high-end
fish-consuming humans are predicted to exceed the health criteria at the lowest levels of methylmercury
in fish. The range of concentrations in the fish muscle tissue corresponding to the respective RfDs
extends less than an order of magnitude. The analysis shows that selection of the human RfD (based on
an estimate of 60 grams of fish consumption per day) as a protective basis for any risk management
action is expected to be protective of the wildlife species considered.


Some of the reported measured mercury concentrations in trophic level 3 fish would be predicted
to result in exceedence of the RfD. For example, in Volume VI a national mean of 0.08 µg
methylmercury/g fish was developed for trophic level 3 fish from the data of Bahnick et al., (1994). The
mean exceeds the fish tissue levels that correspond to RfD of both the human and kingfisher given the
assumptions of daily consumption rates and body weights. The trophic level 3 fish mean methylmercury
concentration of 0.08 µg/g is roughly equal to fish tissue levels that correspond to the RfD of the
mammalian wildlife given the assumptions of daily consumption rates and body weights . The estimate of
mean trophic level 3 fish methylmercury concentration is below that corresponding to the RfD of the
other avian species (other than kingfisher). In Volumes III and VI the representativeness of the fish
collected for the Bahnick study was questioned. Much of the Bahnick et al. data was collected from
contaminated or  industrial sites. The mean trophic level 3 fish methylmercury concentration may be
higher than a true national average.  Many of the trophic level 3 fish concentrations predicted by the
model particularly in the eastern site would exceed concentrations listed in the last column of Table 6-5.
(See Volume III for measured and predicted concentrations in fish).


There is a great deal of uncertainty in this comparison. The uncertainty relates to the variability
in relationship between methylmercury concentrations in trophic level 3 and 4 fish, sources of fish, fish
consumption rates, differences in approach to developing RfDs for human and wildlife, and other factors
that could affect the wildlife RfD that were developed.
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Across natural water bodies a fairly large variability was shown for the trophic level 4 predator-
prey factor (PPF ). For a specific water body, the factor of 5 utilized here could be quite different from4


the actual relationships of methylmercury concentrations among the species of fish that comprise these
trophic levels. The distribution of PPF  is presented in Appendix D of Volume III.4


Fish consumption rates among wildlife and humans are variable.  For example, freshwater fish
consumption by some persons in the U.S. reportedly exceeds 60 grams/day. These individuals are clearly
at the upper end of the distribution.


6.3 Comparison with Other Recommendations


Because of the adverse effects of methylmercury on human health, a number of
recommendations have been made regarding tolerable limits for mercury exposure and for acceptable
levels in biological materials.  These have been expressed in a variety of units including:   �g/kg body
weight/day; concentrations of mercury in tissues such as blood, hair, feathers, liver, kidney, brain, etc.;
grams of fish per day; number of fish meals per time interval (e.g., per week).


6.3.1 Reference Values for Biological Monitoring


Mercury concentrations in biological materials depend on mercury exposures.  Background
levels for persons with low level exposures to mercury have been published by various organizations. 
Reference values for mercury concentrations in biological materials commonly used to indicate human
exposures to mercury were published by the WHO/IPCS (1990): in whole blood, ~ 8 �g/L;  in hair, ~ 2
�g/g;  and in urine ~ 4 �g/L.  Wide variation occurs about these values (WHO/IPCS, 1990).  The
International Union of Pure and Applied Chemistry (1996) revised reference values  for blood and urine
to reflect decreased contamination secondary to improvements in contamination control during  sample
handling and chemical analysis.   IUPAC (1996) indicated  that for healthy people the mercury levels in
serum should be less than  0.5 µg/L,  packed cells less than 5 µg/kg; and < 2.5 µg/L in whole blood.


6.3.1.1 Blood Mercury Concentrations


Blood mercury concentrations allow back calculation of the amount of methylmercury ingested. 
Because methylmercury in the diet comes almost exclusively from consumption of fish and shellfish,
methylmercury concentration in blood are very strong predictors of methylmercury ingestion from fish
and shellfish.  Studies are found that provide data on chemically speciated blood mercury concentrations
(see Chapter 6 of Volume IV), however, the majority of data on human blood mercury concentrations
report on total blood mercury.  The information summarized below represent reports of blood mercury
levels among persons living in the United States between 1990 and 1997. 


6.3.1.2 United States


Normative data to predict blood mercury concentrations for the United States population are not
available.  With a very few exceptions all of the data that have been identified are for adult subjects.  The
largest single study appears to be that of former United States Air Force pilots.  Kingman et al. (Kingman
et al., in press; Nixon et al., 1996) analyzed urine and blood levels among 1127 Vietnam-era United
States Air Force pilots (all men, average age 53 years at the time of blood collection ).  Mean total blood
mercury concentration was 3.1 ug/L with a range of “zero” (i.e., detection limit of 0.2) to 44 ug/L. 
Overall, 75% of total blood mercury was present as organic/methylmercury.  
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Additional North American studies have been reported by various individual states in the United
States.  These are described below and summarized in Table 6-6.


Table 6-6
Blood Mercury Concentrations Values Reported for the United States


Study Community Measure of Central Maximum Additional
Tendency Information on


Study


Burge and Evans, 236 participants Mean: 10.5 µg/L All subjects: 75 µg/L 139 participants
1994 from Arkansas exceeded 5 µg/L.


among men: 12.8 Males: 75 µg/L
µg/L; 30 participants in
among women, 6.9 Females: 27 µg/L. the range of 20 to
µg/L. 75 µg/L or 15%


Median: All subjects
7.1 µg/L 5% of men had
Men: 9 µg/L >30 µg/L.  No
Women: 4.8 µg/L women had values


>20 µg/L.


> 30 µg/L.


Centers for Micousukee Mean: 2.5 µg/L 13.8 µg/L
Disease Control Indian Tribe of Median: 1.6 µg/L
1993 South Florida.  50


blood samples
from subjects
with mean
age=34 years
(Range 8 to 86
years).


Gerstenberger et 68 Ojibwa Tribal 57 participants < 16 53 µg/L 11 individuals had
al. (1997) members from theµg/L.  Remaining 11 blood mercury in


Great Lakes subjects averaged 37 the range 20 to 53
Region µg/L. µg/L.







Table 6-6 (continued)
Blood Mercury Concentrations Values Reported for the United States


Study Community Measure of Central Maximum Additional
Tendency Information on


Study
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Harnly et al. Native Americans Mean for 44 Tribal Among Tribal 20% of all
(1997) living near Clear members: 18.5 µg/L members: Total Hg participants (9


Lake, California. (2.9 µg/L inorganic Hg was 43.5 µg/L (4.7 persons including
Group studied + 15.6 µg/L for µg/L inorganic + four women of
include 44 Tribal organic Hg). 38.8 µg/L organic). childbearing age)
members, and 4 had blood mercury
nontribal Mean for 4 nontribal For nontribal concentrations �


members. members: 11.5 µg/L members: Total Hg 20 µg/L.
(2.7 µg/L inorganic + 15.6 µg/L (3.4 µg/L
8.8 µg/L organic Hg). inorganic + 12.2


µg/L organic).


Humphrey and Lake Michigan Algonac, Lake St. Algonac, Lake St. Mercury
Budd (1996) residents studied Clair: fisheaters Clair fisheaters: 3.0- contamination less


in 1971. (n=42) mean 36.4 95.6 µg/L intense in South
µg/L compared with Haven compared
65 low fish consumers Comparison: with Algonac.
having mean of 5.7 1.1 - 20.6 µg/L
µg/L.


South Haven, Lake Michigan fisheaters:
Michigan with lower 3.7-44.6 µg/L
Hg contamination. 
Fisheaters (n=54) had Comparison:
mean 11.8 µg/L and 1.6-11.5 µg/L
the comparison group
of low fish consumers
mean (n=42) of 5.2
µg/L


South Haven, Lake


Knobeloch et al. Family Initial blood values for Six months after
(1995) consuming wife (37 µg/L) and family stopped


commercially husband (58 µg/L) consuming seabass,
obtained seafood. following regular blood mercury


consumption of concentrations for
imported seabass the wife (3 µg/L)
having mercury and husband (5
concentrations µg/L) had returned
estimated at 0.5 to 0.7 to “background”
ppm Hg. concentrations.







Study Community Measure of Central Maximum Additional
Tendency Information on


Study
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Schantz et al., Adult men and 104 fisheaters: Maximum for Questionnaire on
1996 women aged 50 mean=2.3 µg Hg/L fisheaters: 20.5 µg fish-eating patterns


to 90 years. Hg/L included sport-
Michigan 84 nonfisheaters: caught Great Lakes
residents. mean=1.1 µg Hg/L. Maximum for fish and purchased


nonfisheaters: 5.0 µg fish, as well as
Hg/L. questions on


patterns of wild
game
consumption.


6.3.1.3 Blood Mercury Among More Highly Exposed Subpopulations


As indicated above normative data for the United States population are not currently available. 
There are, however, some data indicating blood mercury concentrations among persons likely to be more
highly exposed to methylmercury because of their higher levels of fish consumption.  During the 1990s
seven surveys of angler and Native American Tribal groups have been conducted in which blood mercury
concentrations were measured and reported.  Table 6-6 shows these data.   The highest blood mercury
concentrations were in the 50 to 90 µg/L range (Humphrey and Budd, 1996 - Lake Michigan; Burge and
Evans, 1996 - Arkansas; Knobeloch et al., 1995 - Wisconsin urban family).   Mean blood mercury
concentrations between 10 to 20 µg/L occurred in a population of anglers from Arkansas (Burge and
Evans, 1996) , among Native American Tribal group members from California (Harnly et al., 1995); and
among Ojibwa Tribal members in the Great Lakes Region (Gerstenberger et al., 1997).    


6.3.1.4 Hair Mercury


Methylmercury exposures for general populations are reflected by hair mercury levels.  Higher
hair mercury concentrations are associated with increases in fish consumption  (among other see: Abe et
al., 1995; Akagi et al., 1995; Aks et al., (1995); Airey et al., 1983; Barbosa et al., 1995; Chai et al., 1994;
Girard and Dumont, 1995; Grandjean et al. (1992); Hansen et al. (1990 and 1996); Oskarsson et al.,
1990; Wheatley and Paradis, 1995).  Maternal hair mercury concentrations predict mercury
concentrations in fetal brain (Cernichiari et al., 1995), fetal blood (Cernichiari et al., 1995), umbilical
cord blood (Wheatley and Paradis, 1995; Girard and Dumont, 1995),  and newborn hair (Chai et al.,
1994).


Data on hair mercury concentrations that can be extrapolated to represent the general population
of the United States do not exist.  There are some data available on hair mercury concentrations from
persons living in the United States including reports shown in Table 6-7.  These surveys were conducted
in widely diverse geographic areas within the United States.  Overall, the mean hair mercury
concentrations identified for subjects in these studies are typically less than 1 ppm.   However, for a
number of the surveys the detection limit was sufficiently high that a substantial number of zero or trace
values were reported.  Many reports did not indicate how “zero” and trace values were handled
statistically creating uncertainties in the reported mean values.  In other reports “outliers” were removed
if they were outside a defined range (e.g., ± 3 standard deviations).  Some statistical “outliers” may
represent the upper ranges of hair mercury among persons with higher exposures to mercury.  
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The maximum values reported in these individual surveys range from 2.1 to 15.6 ppm.  Hair
mercury concentrations greater than 5 ppm have been reported by Airey (1983),  Crispin-Smith et al.
(1997), Lasora et al. (1991), Fleming et al. (1995),  and by  Knobeloch et al. (1995).  The highest
maximum value (15.6 ppm) was reported by Fleming et al. (1995) from a study that specifically focussed
on persons from the Florida Everglades who consumed wildlife from this area. Lasora et al. (1991)
whose subjects were women of childbearing age identified a subject with a hair mercury concentration >
15 ppm.  Knobeloch et al. (1995) identified a family whose hair mercury concentrations exceeded 10
ppm with the mercury exposure directly attributable to mercury from commercially obtained fish.  It is
uncertain how common hair mercury concentrations more than 5 ppm (as well as greater than 10 to 15
ppm) are among the general United States population.   Until appropriate survey data for the general
United States population exist, the overall pattern of hair mercury concentrations for the United States
remains unclear.


Hair mercury concentrations of groups consuming high levels of fish and marine mammals have
a much higher frequency of hair mercury concentrations > 5 ppm.  An example is found in data from
Canadian Aboriginal subpopulations.  Girard and Dumont (1995) summarized data on hair mercury
concentrations among the Cree Indians of Quebec and found 18% had hair mercury concentrations > 2.5
ppm. Wheatley and Paradis (1995) reported on hair mercury concentrations in Canadian Aboriginal
Peoples providing cumulative results between 1970 and 1992.  During that period, 24.5% of people had
hair mercury concentrations > 6 ppm, and 1.5% had hair mercury concentrations > 10 ppm.  


Table 6-7
Hair Mercury Concentrations (µg Hg/gram hair or pm) from 


Residents of Various Communities in the United States


Study Community Mean Maximum Additional
Concentration Concentration Information on


ppm ppm Study


Creason et al., 1978a New York Children (n=280) Children - 11.3; Survey conducted
Metropolitan Area 0.67;  Adults Adults - 14.0 in 1971 and 1972


(n=203) 0.77


Creason et al., 1978b Four communities Children (n=204) Children - 4.4; Survey conducted
in New Jersey: 0.77; Adults -  5.6 in 1972 and 1973
Ridgewood, Adults (n=117)
Fairlawn, Matawan 0.78
and Elizabeth


Creason et al., 1978c Birmingham, Children (n=322), Children - 5.4; Survey conducted
Alabama, and 0.46 in 1972 and 1973
Charlotte, North Adults (n-117) 0.78 Adults - 7.5
Carolina







Table 6-7 (continued)
Hair Mercury Concentrations (µg Hg/gram hair or pm) from 


Residents of Various Communities in the United States


Study Community Mean Maximum Additional
Concentration Concentration Information on


ppm ppm Study
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Airey, 1983 USA Data cited by 1) Males (n=22), 1.  6.2 pm
Airey, 1983. 2.7 ppm;


Community not 2.6 ppm.
identified. 3)  Males and 3. 5.6 ppm


2)  Females (n=16), 2.  5.5 ppm


Females (24
subjects), 2.1 ppm.
4) Males and 4.  6.6 ppm
Females (31
subjects), 2.2 ppm.
5) Males and 5.  7.9 ppm
Females 924
subjects) 2.9 ppm.
6) Males and 6.  7.9 ppm
Females (79
subjects), 2.4 ppm.


Airey, 1983 U.S. data cited by 1)  2.4 ppm (13 1)   6.2 ppm
Airey, 1983 men).


Community women);
identified: LaJolla- 3) 2.3 ppm (8
San Diego subjects including 3)   4.5 ppm


2)  2.7 ppm (13 2)   5.5 ppm


men and women);
4) 2.9 ppm (17
subjects including
men and women).
5) 2.6 ppm (5 5)   6.2 ppm
subjects including
men and women);
6) 2.8  (30 subjects 6)   6.6 ppm
including men and
women).


Airey, 1983 U.S. data cited by 1) 1.8  (11 subjects, 1)   3.8 ppm
Airey, 1983.  Area men and women);
identified: 2) 1.5 (11 subjects, 2)   3.9 ppm
Maryland men and women);


3. 2.3 (11 subjects, 3)   4.5 ppm
men and women);
4.  1.9  (33 subjects, 4)   4.4 ppm
men and women).







Table 6-7 (continued)
Hair Mercury Concentrations (µg Hg/gram hair or pm) from 


Residents of Various Communities in the United States


Study Community Mean Maximum Additional
Concentration Concentration Information on


ppm ppm Study
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Airey, 1983 U.S. data cited by 1)   3.3 ppm (9 1)   5.6 ppm
Airey, 1983 men);
Community 2)  2.2 (3 women); 2)   4.1 ppm
identified: Seattle. 3)  2.6 (5 subjects 3)   5.6 ppm


men and women);
4)  1.5 (3 subjects, 4)   2.1 ppm   
men and women);
5)  3.8  (8 subjects, 5)   7.9 ppm
men and women);
6)  3.0 (16 subjects, 6)   7.9 ppm
men and women).


Crispin-Smith et al., U.S., communities 0.48 (1,431 6.3 ppm The 1009
1997 and distribution not individuals); individuals are a


identified 0.52 (1009 subset of the 1431
individuals subjects.
reporting some
seafood
consumption)


Lasora et al., 1991 Nome, Alaska 1.36 (80 women of 15.2
childbearing age)


Lasora et al., 1991 Sequim, 0.70 (7 women of 1.5
Washington childbearing age)


Fleming et al., 1995  Florida Everglades 1.3  (330 subjects, 15.6 To be included in
men and women) the survey the


subjects had to have
consumed fish or
wildlife from the
Everglades.


Knobeloch et al., Wisconsin, urban 2 adult subjects (1
1995 man, 1 woman);  11


and 12 ppm


Gerstenberger et al., Ojibwa Tribal 47% > 0.28 ppm. 2.6 
1997 members from the Among individuals


Great Lakes Region with values above
the level of
detection, the mean
was 0.83 ppm based
on 78 subjects







Study Community Mean Maximum Additional
Concentration Concentration Information on


ppm ppm Study
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Harnly et al., 1997 Native Americans 68 Tribal members. Maximum value
living near Clear Mean value: 0.64 for Tribal
Lake, California. ppm. members: 1.8 ppm


4 non-Tribal Maximum value
members.  Mean for non-Tribal
value: 1.6 ppm members: 2.3 ppm


Cross-comparisons methylmercury exposure in various populations are facilitated by the work of
Airey (1983) (Table 6-8) who analyzed mercury concentrations in 559 samples of human hair from 32
locations in 13 countries.  The results summarized by Airey (1983) showed the  United States averaged
2.4 µg mercury/gram hair compared with Germany at 0.5 µg  mercury/gram (the lowest mean reported
and Japan at 3.9 µg mercury/gram hair (the highest mean reported).  Comparisons across a number of
countries show that as the frequency of fish/shellfish intake increases the mean hair mercury
concentrations increase.  This is, however, only part of the comparison.  Review of the ranges around the
mean indicated that the upper limit for the category “once a month or less” is 6.2 ppm which overlaps
with the lower range of hair mercury associated with consuming fish/shellfish every day - i.e., 3.6 ppm. 
Consequently to interpret data associating hair mercury concentrations with the frequency of fish
consumption it is necessary to consider the concentration of mercury in the fish and shellfish consumed. 


Table 6-8
Association of Hair Mercury Concentration (µg mercury/gram hair) with 
Frequency of Fish Ingestion by Adult Male and Female Subjects Living in 


32 Locations within 13 Countries (Airey, 1983)


Frequency of Fish Meals Arithmetic Mean Range


Once a month or less 1.4 0.1 - 6.2


Twice a month 1.9 0.2 - 9.2


Every week 2.5 0.2 - 16.2


Every day 11.6 3.6 - 24.0
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6.3.1.5 Hair Mercury Concentrations in Children


Hair mercury concentrations reported by Creason et al. (1978a, 1978b and 1978c) included data
on hair mercury levels of children (defined as persons age 15 and younger). The age distribution for
children were not included in their published studies.  In contrast to these limited data on hair mercury
concentrations, data on fish consumption by children aged 10 years and younger indicate that children
are exposed to about three times more  mercury from fish and shellfish as are adults.  


Because children’s mercury exposures are higher than are those of adults the question arises on 
why children’s hair mercury concentrations are not higher than those of adults. The number of young
children (if any) included in the data reported by Creason et al. (1978 a,b,c) is undocumented  and this
remains an important area of uncertainty.  An additional, and far more important, area of uncertainty is
the tissue distribution of mercury (i.e., the biokinetics of mercury in the human body). Young children
may be diluting their mercury body burden by tissue growth and the distribution of mercury into body
compartments by young children may differ from that of adults.  Pharmacokinetics of mercury (e.g., rate
of demethylation of methylmercury in neural tissue and macromolecular binding of mercury to proteins
in the central nervous system) may impact the redistribution of mercury within tissues.  The
concentration of mercury in critical nervous system tissue is of much greater relevance to developmental
deficits than is the concentration of mercury in hair.  .  


6.3.1.6 Dose Analysis and Health Effects in Relation to Hair Mercury Concentrations


The WHO/IPCS has concluded (1990) that the general population does not face a significant
health risk from methylmercury.  When fish consumption is high enough for groups to attain a blood
methylmercury level of about 200 µg/L (corresponding to 50 µg/g hair) a low (5 percent) risk of
neurological damage will occur.  In 1995, Kinjo et al. reported threshold values hair mercury based on
logit and hockey stick analyses for calculated maximum hair mercury concentrations from human
subjects in the Niigata epidemic of Minamata disease in Japan.  Male adults were calculated to have
threshold values (�g/g hair) (95 percent CI) of 46.5 (30,71) and 43.0 (27,67) depending on whether or not
patients with estimated maximum hair mercury concentrations of less than 20 µg mercury/gram hair were
included.  Calculated threshold values for adult women were 24.7 (20,30) or 49.3 (30,64) with and
without inclusion of patients with estimated maximum values of less than 20 µg/g.  Exclusion of hair
mercury concentrations less than 20 µg mercury/gram hair was based on unreliability of the analytical
method (dithizone colorimetric techniques) at these concentrations.  Of the 986 subjects reported by
Kinjo et al. (1995) 26 had hair mercury concentrations less than 20 µg mercury/gram hair.


Clinical observations in Iraq suggest that women during pregnancy are more sensitive to the
effects of methylmercury with fetuses at particularly increased risk.  The World Health Organization/
International Programme for Chemical Safety (WHO/IPCS, 1990) indicated, based on analysis of the
Iraqi data, a 30% or greater risk of abnormal neurological signs when maternal hair mercury
concentrations were above 70 µg/g.  These abnormal neurological signs were the following:  increased
muscle tone in the leg and exaggerated deep tendon reflexes, often accompanied by ataxia together with a
history of developmental delays.  The WHO/IPCS (1990) evaluation indicated that data from the Iraqi
epidemic do not permit conclusions about risk of adverse effects below this level.  However, using
statistical methods for biological modeling by Cox et al. (1989) and other data, WHO calculated that a
maternal hair concentration of 10 to 20 µg/g implies a 5% risk of neurological disorder.  Extrapolation of
these data to lower mercury concentrations is uncertain, but psychological and behavioral testing of
subjects may identify subclinical effects.
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The conclusions of WHO/IPCS (1990) reflect an evaluation given the available data at the time. 
The U.S. EPA’s “benchmark” dose of 11 ppm mercury in hair is associated with the lower bound of the
95% confidence limit on a 10% effect level.  The type of effects that were the basis the U.S. EPA
“benchmark” dose estimate are clinically evident neurological/developmental changes.  Using these
endpoints as the basis for effect, a low likelihood of these endpoints occurring has been interpreted as
establishing NOAEL.  Theis NOAEL was associated with hair mercury concentrations of approximately
10 ppm.  Recent epidemiological studies of chronic mercury exposures from seafood indicated that
developmental delays and broad-based cognitive differences occur in children whose mother’s hair
mercury concentrations were less than 10 ppm mercury (Grandjean et al., 1997).  Investigations of
children chronically exposed to methylmercury from fish/shellfish in the Seychelle Islands have been
interpreted as indicating no adverse developmental effects based on testing paradigms used in this study
(Myers et al., 1996).  These differ from those used in the study in the Faroe Islands (Grandjean et al.,
1997).  Results of these, and additional studies appearing in the scientific literature in the latter part of 
1997, as well as those in press for 1998, will require reevaluation to assess doses of methylmercury
associated with onset of subtle neurobehavioral effects.


6.3.2 Recommendations Based on Grams of Fish Consumed Per Day


The WHO/IPCS recommended that special attention be paid  to populations consuming large
amounts of fish (1990).  Dietary intakes of 100 grams of fish and shellfish were used as a measure that
additional attention was warranted for women of childbearing age because of risk to the developing fetus
(WHO/IPCS, 1990). The number of women of child-bearing age in the United States estimated to
consume fish in excess of 100 grams per day can be estimated from the general U.S. population dietary
surveys.  Analyses of contemporary food consumption surveys (NHANES III, 1988 to 1994; CSFII
89/91, CSFII  94, and CSFII 95) have provided the estimates of fish and shellfish consumption shown in
Tables 6-9 and 6-10.  Depending on the survey used to make these estimate, between 52,000 people
(based on data from the NPD, Inc., 1973) and 166,000 people (based on month-ling estimates from
NHANES III, 1988 to 1994) routinely consume fish in the amounts of 100 grams per day or more. 
Higher estimates are based on short-term dietary recall data (single or three-day averages) which are
useful only when combined with estimates of how often such levels of intake occur.
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Table 6-9
Fish and Shellfish Consumption (grams per day) and Mercury Exposure (µg/kgbw/day) by 


Women Ages 15 through 45 Years United States Per Capita


Survey Number of Percentiles
Women 50th 90th 95th


CSFII 94


Day 1


Day 2


842 Zero 0.03 0.12
26 80


840 Zero Zero 0.08
14 69


CSFII   95


Day 1


Day 2


635 Zero 0.04 0.13
43 87


634 Zero 0.09 0.19
56 89


NHANES III 5,437 Zero 56 114
0.09 0.18


Table 6-10
Fish and Shellfish Consumption (grams per day) and Mercury Exposure (µg/kgbw/day) by 


Women Ages 15 through 45 Years United States Per User on an Individual Day


Survey Percentiles


50th 75th 90th 95th


CSFII 94


Day 1


Day 2


77 103 169 235
0.10 0.16 0.25 0.29


62 106 156 184
0.08 0.18 0.34 0.45


CSFII   95


Day 1


Day 2


62 103 253 305
0.09 0.22 0.38 0.42


77 113 217 325
0.14 0.23 0.47 0.97


NHANES III 0.10 0.21 0.39 0.53
66 131 228 2878







6-24


These two tables provide essentially different descriptions of the frequency of fish/shellfish consumption. 
The “per capita” consumption presentation describes the distribution of fish/shellfish intake and mercury
exposure over the United States population based on a “snap shot” on any one day.  These results
indicate that the 95th percentile of fish/shellfish consumption for adult women is approximately 100
grams of fish and shellfish.  The “per user on an individual day” consumption patterns show the
distribution of fish and shellfish consumptions among persons who reported eating these foods on the day
of the survey.  Consequently, these “per user” data present the distribution of portion sizes and
fish/shellfish species for the fish/shellfish consuming population.  Combining these with mercury
concentrations in the fish provides an indication of the distribution of mercury exposure from
fish/shellfish on the day surveyed.  A highly relevant question is that of how often during a month does
the population of concern repeat the consumption patterns shown on the day surveyed.  These are
addressed Section 6.3.2.


6.3.2 Population-Based Projections of the Number of Women Consuming Fish/Shellfish  in Excess of
100 Grams per Day


6.3.2.1 General Population


The estimated number of women of child-bearing age (ages 15 through 44 years) in the
contiguous 48 states is approximately 58,222,000 based on data from the 1990 United States Census
(Table 5-22).  It is estimated that in a given year 9.5% of women in this age group are pregnant
(Appendix C, Exposure Volume).  Using consumption of 100 grams of fish/shellfish per day or more as a
screen for concern for mercury exposure estimates have been made of the number of women whose
fish/shellfish intake is at or above 100 grams/day.  


� Based on the number of women consuming 100 grams of fish/day or more from the CSFII 89/91
survey the estimated number of pregnant women consuming fish in amount > 100 grams/day was
84,000 (Table 6-11).


� The number of women of child-bearing age consuming fish and/or shellfish in excess of 100
grams per day was estimated from the NPD, Inc. 1973/74 data that recorded fish consumption for
a one-month period.  Within this sample, 94% of people reported consuming fish or shellfish at
least once in a one month period.  Within this sample, the 99th percentile consumers reported an
average fish/shellfish intake of 112 grams/day.   The estimated number of women consuming >
100 grams of fish/shellfish was approximately 52,000 (Table 6-12). 


� Results from the contemporary 1990s food consumption surveys using single day dietary data
show that the 95th percentile of fish/shellfish consumption for adult women exceeds 100 grams
of fish/shellfish per day (Table 6-13).  The number of pregnant women with this level of
consumption is 277,000.


� Extrapolation of the single day’s dietary data to a month-long pattern of fish and shellfish intake
shows that the 95th percentile of fish/shellfish consumption for adult women is between 73
grams of fish/shellfish per day (Table 6-14).   Based on the month-long per user projection 3% of
women consume fish and shellfish in amounts of 100 grams/day or more.  The number of
pregnant women consuming 100 grams or more per day (projected to month-long exposure
patterns) is approximately 166,000.
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Table 6-11
Estimated United States Population Consuming Fish, Excluding Alaska and Hawaii
Estimates Based on the 1990 U.S. Census and the Continuing Surveys of Food Intake


by Individuals, 1989/1991


Population Group Estimated Number of Persons 


Total U.S. Population 247,052,000


Total Female Population Aged 15 through 44 Years  58,222,000


Total Population of Children Aged <15 Years  53,463,000


Percent of Respective Group Reporting Fish Consumption 
During the 3-Day Dietary Survey Period in CSFII 89/91a


Total Population 30.9 percent


Females Aged 15 through 44 Years 30.5 percent


Children Aged <15 Years 24.9 percent


Number of Persons Predicted to Consume Fish 
Based on Percentage Consuming Fish in CSFII 89/91


Total Estimated Population 76,273,000


Total Estimated Number of Females Aged 15 through 44 Years 17,731,000


Total Estimated Number of Children Aged <15 Years 13,306,000


Number of Persons in Highest 5 Percent of 
Estimated Population that Consumes Fishb


Total Estimated Population 3,814,000


Total Estimated Female Population Aged 15 through 44 Years   887,000


Total Estimated Child Population   665,000


Estimated Number of Adult Pregnant Women in Highest 5 
Percent Of Estimated Population that Consumes Fish


Number of Females Aged 15 through 44 Years x Percentage of ~  84,000
Women Pregnant in a Given Year


 Rounded to three significant figures.a


 Persons who consume an average 100 g or more of fish/day.b
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Table 6-12
Estimated Fish-Consuming Population in the United States, excluding Alaska and Hawaii


Estimates Based on the 1990 U.S. Census and the
National Purchase Diary Inc., 1973/74 Data on Fish/Shellfish Consumption


Population Group Estimated Number of Persons


Total U.S. Population 247,052,000


Total Female Population Aged 15 through 45 Years  58,222,000


Total Population of Children Aged < 15 Years  53,462,000


Percent of Respective Group Reporting Fish Consumption 
During the One-Month Survey period in NPD, Inc. 1973/64 Survey


Total Population 94%


Females Aged 15 through 45 Years 94%


Children Aged < 15 Years 94%


Number of Persons Predicted to Consume Fish Based on Percentage 
Consuming Fish or Shellfish in NPD, Inc. 1973/74


Total Estimated Population 232,229,000


Total Estimated Number of Females Aged 15 through 45 Years  54,729,000


Total Estimated Number of Children Aged < 15 Years  50,254,000


Number of Persons in Highest One Percent of 
Estimated Fish-Consuming Population


Total Estimated Population 2,322,000


Total Estimated Adult Female Population   547,000


Total Estimated Child Population   503,000


Estimated Number of Adult Pregnant Women in Highest One 
Percent of Estimated Fish-Consuming Population


Number of Adult Females x Percentage of Women Pregnant in a ~   52,000
Given Years


 Persons who consume an average 100 g or more or fish/day.a
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Table 6-13
Estimated Population in the United States, excluding Alaska and Hawaii, 
Consuming 100 Grams or more of Fish and Shellfish on an Individual Day


Population Group Estimated Number of Persons


Total U.S. Population 247,052,000


Total Female Population Aged 15 to 45 Years 58,222,000


Total Population of Children Aged < 15 years 53,462,000


Percent of Adult Female Population Ages 15 through 45 
Consuming 100 grams of Fish & Shellfish/Day


5% 2,911,100


Estimated Number of Adult Pregnant Women in Fraction of Adult Female Population 
Ages 15 to 45 Consuming 100 grams of Fish and Shellfish/Day


Number of Adult Females x Percentage of Women ~ 276,000
Pregnant in a Given Year (9.5%)


Table 6-14
Estimated Population in the United States, excluding Alaska and Hawaii, Routinely Consuming


100 Grams or more of Fish and Shellfish Per Day Based on Month-Long Projections of “Per User” 
Data from NHANES III


Population Group Estimated Number of Persons


Total U.S. Population 247,052,000


Total Female Population Aged 15 to 45 Years 58,222,000


Total Population of Children Aged < 15 years 53,462,000


Percent of Adult Female Population Ages 15 through 45 
Routinely Consuming 100 grams of Fish & Shellfish/Day


3% 1,747,000


Estimated Number of Adult Pregnant Women in Fraction of Adult Female Population 
Ages 15 to 45 Consuming 100 grams of Fish and Shellfish/Day


Number of Adult Females x Percentage of ~ 166,000
Women Pregnant in a Given Year (9.5%)
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6.3.3 Subpopulations of Anglers, Subsistence Fishers


The rate of fish and shellfish consumption for the general population may be low compared with
special subpopulations.  These subpopulations can have substantially higher mercury exposures than does
the general population consuming a diet containing a mixture of fish species from diverse geographic
locations.  By contrast subpopulations and/or subsistence fishers may obtain most of their fish from one
source.


Local point sources for emissions of mercury can be most clearly linked to localized deposition
of mercury.  An analysis of the CSFII 89-91 data by personnel from US EPA's Office of Prevention,
Pesticides, and Toxic Substances (personal communication, Helen Jacobs) determined that at the mean
33% of total fish/shellfish intake identified in this survey came from freshwater and estuarine fish and
shellfish.  Subpopulations of anglers and subsistence fishers have been assumed to obtain most of their
self-caught fish and shellfish from these local and estaurine sources.


Specific subpopulations of anglers and subsistence fishers and other high end fish consumers
ingest fish substantially in excess of the general population. Volume IV summarizes grams of fish
consumed among specific subpopulations and highlights high end consumption.  For example, Puffer et
al. (1981) in a study of anglers in Los Angeles, California found that mean intake was 37 grams per day,
but the 90th percentile for this group was 225 grams per day.  Orientals and Samoans had mean fish
intakes with a mean of 70.6 grams/day (Puffer et al. 1981).  Alaskan Natives from 11 communities
averaged 109 grams of fish/day (Nobbman et al., 1992).  Wolfe and Walker identified a very high fish
consumption rate among persons living in remote Alaskan communities.  The Columbia River Intertribal
Fish Commission (1994) reported that during the two months of highest average fish consumption
average intake was 108 grams/day.  The Tribes of Puget Sound reported (Toy et al., 1995) an average of
73 grams/day with a 90th percentile of 156 grams/day.  West et al. (1989) found a mean intake of
approximately 22 grams/day, but a reported maximum value over 200 grams/day.  Peterson et al (1994)
in a study of Chippewa tribes found that 2 percent of 323 respondents ate at least one fish meal each day. 
In these individual tribal and angler studies, data were generally not separately reported for women of
child-bearing age.


6.4. Recommendations Based on Micrograms of Methylmercury Per Day


6.4.1 Comparison with U.S. EPA's RfD and Benchmark Dose


The RfD and benchmark dose for methylmercury were based on the Iraqi data.  Dose-conversion
calculations were used to convert data on hair mercury concentration to estimates of blood mercury
concentration and dietary intake (µg/day) of methylmercury.  The RfD/RfC Work Group chose a
benchmark (lower bound on lthe 95% confidence interval for 10 percent risk) based on modeling of all
nervous-system effects in children.  The 10 percent risk level was 11 ppm hair concentration for
methylmercury.  A dose-conversion equation was used to estimate a daily intake of 1.1 µg
methylmercury/kg body weight/day that when ingested by a 60 kg individual is predicted to maintain a
blood concentration of approximately 44 µg/L or a hair concentration of 11 µg mercury/gram hair (11
ppm).


The benchmark dose can be compared with other recommended limits and with data on
methylmercury exposure via fish.  Expressed another way the benchmark dose (see also Volume VI,
Chapter 2, pg. 10) is 1.1 µg/kg body weight/day assuming a 60 kg body weight individual.  The
benchmark dose was used as an estimate of a NOAEL.
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6.4.1.1 Comparison with the General Population 


Cross-Sectional Data


Estimates based on cross-sectional data provide a description of mercury intake for individuals in
the surveyed population.  This provides information on the species of fish/shellfish selected and on the
portion size of the fish/shellfish consumed.  Summed this information describes a distribution of total
mercury intakes or if divided by body weight estimates dose of mercury on a µg/kgbw/day basis.


Based on data from contemporary food consumption surveys (NHANES III, CSFII 94, and CSFII
95) the RfD is exceeded at approximately the 93th percentile of all women.  At the 95th percentile  the
estimated mercury exposure from fish and shellfish is 0.16 µg/kgbw/day based on per capita data. 
Among women who reported consuming fish and shellfish in the survey (per user data on an individual
day), the 50th percentile consumer has exposures at the RfD.  The 75th, 90th, and 95th percentile
consumers are twice, approximately four-times, and about five-times the RfD respectively.


Two issues need to be noted regarding these comparisons.  Estimated dietary intakes at the 95th
or 99th percentiles are at the extremes of the distribution.  Short-term dietary intakes based on short-term
food consumption records (i.e., individual day’s data) are known to be subject to substantial variability at
the extremes of the distribution.  Consequently, interpretation of these data must be made with
recognition that these extreme values can vary greatly.


Month-Long Estimates of Mercury Exposure


To reflect the sub-acute nature of developmental toxicity of methylmercury exposures over a
period of at least one month were considered to be relevant to the health endpoint used to establish US
EPA’s RfD.  Estimates of month-long exposures to methylmercury were calculated by use of NHANES
III data.  Specifically the NHANES III “per user” data supplied the distribution of mercury exposures on
a µg/kgbw/day basis on an individual day.  The frequency of fish/shellfish consumption data for survey
respondents 14 years of age and older provided a distribution of how often fish and shellfish were
consumed on a monthly basis.  This distribution included in the frequency distribution the individuals
who reported they did not consume fish/shellfish during the past month.  Consequently the overall
distribution is considered to be representative of the United States population. 


Analysis of frequency of fish and shellfish consumption (see Exposure Volume) showed that
consumption patterns were consistent among men and women and among persons ages 15 to 45 and
persons older than 45.  Review of the “per capita” and “per user” data for ethnically and racially defined
subpopulations  indicated that major subpopulations consumed fish and shellfish with different frequency
and in different quantities.  This pattern persisted when mercury exposures were expressed as month-long
estimates (µg/kgbw/month).  Consequently,  the major subpopulations have differences in the frequency
with which they consume fish and shellfish.  


Month-long projections of mercury exposure from ingestion of fish and shellfish were made
using NHANES III data for both 24-hour recalls and fish consumption frequencies.  Subpopulations
considered were: “White/NonHispanic”, “Black/NonHispanic” and “Other”.  The “Other” category
consists predominantly of persons of Asian/Pacific Island ethnicity, Native American Tribal members,
NonMexican Hispanics (e.g., persons from Puerto Rica and other Caribbean islands), and additional
persons).   These month-long projected mercury exposures (µg/kgbw/month) are shown in Table 6-15.  
The percentile in the distribution at which the exposure exceeds the RfD is also shown in Table 6-16.







6-30


Table 6-15
Month-Long Exposures to Mercury (µg/kgbw/day)


National Estimates Based on NHANES III Data
All Age Groups 


Percentile Subpopulation


White/NonHispanic Black/NonHispanic Other*


50th 0.01 0.02 0.02


75th 0.04 0.05 0.06


90th 0.09 0.12 0.18


95th 0.15 0.21 0.34


* NHANES III category that includes persons of Asian/Pacific Islander ethnicity, Native American Tribal members, Non-
Mexican Hispanics (e.g., persons from Puerto Rica and other Caribbean Islands), and others.


Table 6-16
Month-Long Mercury Exposures (µg/kgbw/day) 


Percentiles at Which Exposures Exceed 0.1 µg/kgbw/day or the RfD
National Estimates Based on NHANES III Data


All Age Groups


Subpopulation


White/NonHispanic Black/NonHispanic Other*


Percentile 91.0 87.3 83.4


% of Subpopulation 9.0% 12.7% 16.6%
Exceeding RfD


* NHANES III category that includes persons of Asian/Pacific Islander ethnicity, Native American Tribal members, Non-
Mexican Hispanics (e.g., persons from Puerto Rica and other Caribbean Islands), and others.


Women of childbearing age are the subpopulation of major concern with regard to
methylmercury exposures.  Exposure to methylmercury on a body weight basis when projected to month-
long exposures has been estimated.  These are shown in Table 6-17.
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Table 6-17
Month-Long Mercury Exposures (µg/kgbw/day) for Women Ages 15 through 44 Years


National Estimates Based on NHANES III Data
All Subpopulations Combined


Percentiles µg/kgbw/day


50th 0.01


75th 0.03


90th 0.08


95th 0.13


99th 0.34


Exposures Exceed RfD at the 93rd Percentile


6.4.2 Children’s Exposures to Methylmercury


Children are estimated to have higher mercury exposures (µg/kgbw/day) than do adults because
of children’s  higher consumption of food on a body weight basis.  NHANES III did not include
questions on frequency of fish consumption in the survey.  Consequently the authors of this Report to
Congress have made the simplifying assumption that the fish consumption frequency of the children was
the same as the adults.  This particular assumption is an uncertainty in this analysis.  Differences in the
species and quantity of fish and shellfish consumed by children is not an uncertainty in this analysis
because the 24-hour recall data in NHANES III were determined in this survey.


Table 6-18
Month-Long Estimates of Mercury  from Fish and Shellfish for Children Ages 3 through 6 Years


National Estimates Based on NHANES III Data


Percentile All Groups White/ Black/ Other
NonHispanic NonHispanic


50th 0.03 0.03 0.04 0.04


75th 0.08 0.08 0.08 0.11


90th 0.17 0.17 0.19 0.27


95th 0.289 0.28 0.30 0.46


The RfD of 0.1 µg/kgbw/day is based on a “benchmark” dose of 1.1 µg/kgbw/day.  This
“benchmark dose” reflects the lower bound of a 95% confidence interval for a 10% prevalence of effects. 
The effects on which the “benchmark” dose for methylmercury are based were clinically evident
developmental deficits in children following in utero exposure to methylmercury.  The RfD was derived







6-32


from the “benchmark” dose of 1.1µg methylmercury/kgbw/day  through application of a composite
uncertainty factor of 10.  


It is recognized that development of the nervous system does not cease at birth but continues
throughout early life.  The magnitude of  an uncertainty factor that should be applied to a benchmark
dose to provide an appropriate RfD for children is an issue that, in itself, carries additional uncertainty. 
Because the nervous system continues to develop during childhood (in particular duringthe first six years
of life), it is judged that an RfD for children is probably higher than that protective of the fetus but lower
than the former RfD which was protective of sensitive adults.  For these reasons U.S. EPA acknowledges
that application to young children of the RfD based on developmental deficits produced by fetal
exposures to methylmercury carries additional uncertainty beyond that applied to the “benchmark” dose. 
Nonetheless, because of concern that young children have higher exposures to methylmercury on a per
kgbw basis than do adults, U.S. EPA believes that it is appropriate to apply the fetal protective  RfD to
young children to be protective of public health.


Applying the fetal-protective RfD to mercury exposures arising from month-long patterns of fish
and shellfish exposures (Table 6-18), it is estimated that as many as 20% of U.S. children ages 3 through
6 years have exposures to methylmercury greater than the RfD.  An uncertainty in this estimate is
whether or not children consume fish/shellfish at frequencies comparable to adults.  The total population
of children in the United States aged 3 thought 6 is 14,965,000 based on 1990 Census statistics.


6.4.3 Comparison with Populations Consuming Large Amounts of Fish


In the review of published data on fish-consumption among subpopulations who consume fish
more frequently than the general population, a number of reports were identified who consume
substantially higher quantities of fish than among the general population.  These groups were identified
when the recommendation to monitor populations consuming one fish-meal a day (or 100 grams of fish
per day) was evaluated.  Most of these reports do not provide a clear identification of the age and gender
of their subjects.  However, to the extent that these subjects are women of reproductive age (15 through
44 years) the likelihood that they will exceed the benchmark dose for methylmercury depends on the
methylmercury concentration of the fish consumed.


Depending on whether or not the fish obtained by a high-end fish consumer come from one
source (e.g., a small lake or local river) or from simply more of the general food supply, the mercury
concentration of the fish obtained may or may not be site-specific.  Assuming a high-end fish consumer
obtains a broad mixture of fish sources, the mean mercury concentration of the fish consumed is
estimated to be about the mean or median value for the fish mercury concentrations used in the estimates
from Volume IV.  More precise estimates of mercury intake for these subpopulations will require site-
specific determinations of mercury in the fish consumed.


6.4.4 Freshwater Fish Consumption


U.S. EPA (1997) compiled meassured fish methylmercury concentration data for eight species of
fish for each U.S. State where such data had been collected. The locations within each state from which
individual fish were collected were reported as were the type of fish, the methylmercury concentration,
and the tissue(s) from which the sample was collected (e.g., fillet). The reported methylmercury
concentrations 
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Figure 6-2 presents the curve corresponding to exposure at the oral RfD for a range of fish
methylmercury concentrations (see Table 6-19). The curve shows that individuals who eat small
quantities of fish per day are not predicted to exceed the RfD unless the fish are highly contaminated. 
Individuals who consume large quantities of fish per day would be expected to excede the RfD unless the
fish consumed contains a small quantity of methylmercury.  Table 6-20 shows specific point estimates
for the curve and the corresponding consumption rates.  In contrast, with low methylmercury in
fish/shellfish, individuals must consume large quantities of fish (e.g., hundreds of grams/day) to exceed
the RfD.


Table 6-19
Range of Mean Mercury Concentrations (µg/g) for Major Freshwater Sport Fish among U.S.


States


Species Mean Mercury Species Mean Mercury
Concentrations Concentrations


Channel catfish Largemouth bass0.010-0.890 0.101-1.369


Smallmouth bass Walleye0.094-0.766 0.040-1.383


Brown trout Northern pike0.037-0.418 0.084-0.531


 *Reference: U.S. EPA (1997). The National Survey of Mercury Concentrations in Fish.  Database Summary 1990-1995. 


September 29, 1997.  


Table 6-20
Fish Consumption Rates and Methylmercury Concentrations Which Correspond to 


Human Exposures at the Oral Reference Dose (0.1 µg/kg bw/day)*


Human Fish Consumption g fish consumed/ kg bw/day Fish MHg Concentration
Rates (g/day) Corresponding to the Oral


RfD (µg/g) or ppm


1 0.017 6


2 0.033 3


3 0.05 2


5 0.083 1.2


10 0.17 0.6


20 0.33 0.3


30 0.5 0.2


60 1 0.1


100 1.7 0.06


200 2.3 0.01
* Assumes that the individual weighs 60 kg.
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6.4.2 Children’s Exposures to Methylmercury


The figures that follow show the curve of human consumption rates for measured mean
methylmercury concentrations in specific species that corresponds to the human oral RfD. These are
mean values for individual U.S. States; some more geographically limited fish sources may result in
exposures which excede the RfD. These data highlight the importance of public awareness of fish
consumption advisories. It should be noted that exceding the RfD does not indicate that an adverse health
effect will result. Exposures below the RfD should be without an appreciable risk of deleterious effects
during a lifetime.


6.5 Wildlife Species


6.5.1 Comparison with Great Lakes Water Quality Initiative Criteria


The Great Lakes Water Quality Initiative Criteria (GLWQI Criteria) were described in Volume
IV (Section 4.2) of this Mercury Study Report to Congress.  The evaluation of data and calculation of
water concentrations (WC) in the Mercury Study Report to Congress was done in accordance with the
methods and assessments published in the draft GLWQI (U.S. EPA 1993a).  Availability of additional
data and differences in interpretation of those data led to differences in the calculated values of the WC
in this Report and those published in the final GLWQI (U.S. EPA, 1995b).  Both evaluations used the
same methodology which was described in Section 4.2.1 of Volume IV.  These two evaluations relied on
the same experimental studies as the basis for the WC calculation:  for birds, the three generation
reproduction study in mallards (Heinz, 1974, 1975, 1976a,b, 1979); and for mammals the subchronic
dietary studies in mink (Wobeser et al., 1976a,b).  In addition to these studies, the authors of the Mercury
Study Report to Congress were able to obtain Wobeser's dissertation (Wobeser, 1973); this provided
some additional information that was augmented by discussions with the author.


A comparison between the species-specific Wildlife Criteria Calculated in the Great Lakes Water
Quality Initiative and the Mercury Study Report to Congress was presented in Volume IV (Table 4-3, pg.
IV-15, repeated here as Table 6-21).


Table 6-21
Comparison of Wildlife Criteria Calculated by 


Great LakesWater Quality Initiative and by the Mercury Study


Species
Wildlife Criterion (pg/L)


GLWQI MSRC


Mink 2880 415


Otter 1930 278


Kingfisher 1040 193


Loon


Osprey Not done 483


Eagle 1920 538
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All of the WC calculated in this Report are lower (more conservative) than those published in the
GLWQI.  All species-specific WC, however, differ less than an order of magnitude from one another. 
Range in differences is from nearly 4-fold lower for the WC in this Report (eagle) to 7-fold lower (mink
and otter).  Variation in the calculated WC are from two sources:  evaluation of effects in wildlife and
evaluation of exposure to wildlife.


Details of differences between the GLWQI and this Report on evaluation of effects in birds and
piscivorous mammals have been presented in Volume V.  For birds the GLWQI used a different rate of
food consumption 0.156 kg/kg-d compared with 0.128 kg/kg-d in this Report) and different uncertainty
factors than did the Mercury Study Report to Congress.  In the effects assessment for piscivorous
mammals both the GLWQI and this Report used data on mink administered mercury in the diet from the
studies of Wobeser (1976a,b).  


The Report also obtained the doctoral thesis of Wobeser (Wobeser, 1973).  The GLWQI
identified a NOAEL of 1.1 ppm.  At this dietary exposure there were changes in the liver, lesions in the
central nervous system and axonal degeneration; moreover, two of the animals in this treatment group
were observed at the end of the treatment of move slowly by comparison to other mink.  The study
authors reported their opinion that mink treated at 1.1 ppm in the diet for longer than the study (93 days)
would be expected to show clinical signs of nervous system damage.  Mink treated at the next higher
dose, 1.8 ppm, were observed with anorexia, ataxia and increased mortality.  Based on these
considerations, this Report considered 1.1 ppm to be the LOAEL, and as described in Section 4.2.2 of
Volume IV, used data from the first part of the study to identify a NOAEL of 0.33 ppm.  This Report
used data from Wobeser (1973) to establish the weights of female mink and kits used in these
experiments; this results in slight differences in conversion of dose in ppm diet to µg/kg bw/day.


Another difference between the GLWQI and the Mercury Study Report to Congress was through
assessment of exposure to birds through consumption of prey.  The GLWQI made assessments specific to
the Great Lakes region.  Because the Mercury Study Report to Congress is a national assessment use of
region-specific assumption was not considered appropriate.  Additional information on these differences
is found in Volume V.


6.5.2 Estimates for the Size of the Piscivorous Wildlife Population


Six wildlife species were considered in the exposure and ecological risk Volumes of this
assessment.  The six species were selected because they consumed fish.  The selected species consisted
of four avian species (the bald eagle, the loon, osprey and belted kingfisher) and two mammalian species
(the river otter and mink).  Estimates of the sizes of these populations in the U.S. are presented as part of
the risk characterization.  These population size estimates are uncertain; generally a range or an
imprecise estimate is presented.  For most of these population estimates, there is no good method for
corroboration.  It should also be noted that these piscivorous wildlife populations are not the only species
potentially exposed through the fish consumption route.


6.5.2.1 Bald Eagle


An estimated 10,000 to 12,000 bald eagles inhabit the lower 48 United States.  This total
represents combined estimates of the total number of breeding pairs and immature eagles.  U.S. Fish and
Wildlife Service (1994) estimated that there are 4,016 breeding pairs in the lower 48 states.  The
Peregrine Fund, Inc. estimates that there are several thousand sexually immature eagles dwelling in the
same geographic area (Petit, 1995).
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6.5.2.2 Osprey


The size of the U.S. osprey population is estimated to be between 10,000 and 20,000 individuals. 
This estimate is based on a compilation of individual state population size estimates reported in the
literature (Petit, 1995).


6.5.2.3  Belted Kingfisher


Population estimates for small birds such as the belted kingfisher have a larger degree of
uncertainty because they are based on species density estimates and it is not possible to assess the
accuracy of such predictions.  Petit (1995) presents a rough estimate of approximately 170,000 belted
kingfishers in the lower 48 states.  This estimate is the product of estimated kingfisher densities from the
breeding bird survey and total land area of the lower 48 United States.


6.5.2.4   Loon


Evers (1997) estimated the population of adult loons in the contiguous U.S.and Alaska to number
approximately 28,800, including 10,600 territorial pairs  (David Evers, of BioDiversity, Inc. personal
communication to G. Rice U.S. EPA,10/30/97). The estimates are based on the author’s experience and
surveys conducted by State and Federal Agencies and Organizations. (See Table 6-22).


6.5.2.5  Mink


The National Geographic Society (1960) estimated that approximately 1,000,000 mink are
trapped each year on the North American continent.  The source of this information is clearly dated.  If
one assumes that 10 percent of the population is snared each year, then, roughly 10,000,000 mink live on
the North American Continent (Petit, 1995).  There is a great deal of uncertainty in this estimate.


6.5.2.6  River Otter


Although the original otter range encompassed all the U.S. states on the North American
continent, the species range is presently more limited.  Otter populations are considered stable across the
United States (Jenkins, 1983), although they are listed as endangered species in several states.


The book Wild Mammals of North America Biology, Management, and Economics edited by
Chapman and Feldhamer (1982) reports that otters are extremely difficult to count noting the
questionable accuracy of most index techniques.  The book notes that most states base otter population
estimates on the reports of trapper and furbuyers.  Jenkins (1983) estimated that, in a one-year period
over 1978 and 1979, 29,000 otters were harvested in the United States.  Using the crude estimation that
10 percent of the total population is eliminated by trapping in a given year, there are roughly 300,000
otters inhabiting the United States.
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Table 6-22
Breeding Loon Population Estimates by State (Source: Evers, 1997)


State Number of Adults Number of Territorial Pairs


Alaska 8,886 3110


Idaho 10 4


Maine 3,500 1,400


Massechusettes 24 10


Michigan 882 315


Minnesota 11,630 4,070


Montana 150 60


New Hampshire 502 209


New York 804 301


North Dakota 12 5


Vermont 60 25


Washington 38 16


Wisconsin 3,017 1,056


Wyoming 92 37


Total 28,803 10,618


Table 6-23
Summary of Contiguous U.S. Population Estimates for 


Piscivorous Wildlife Evaluated in the Report


Species Estimated Population Size


Bald Eagle 10,000-12,000


Osprey 10,000-20,000


Belted Kingfisher 170,000 


Loon 19,900  (Adults)


Mink 10,000,000


River Otter 300,000


Reference: Evers, D. 1997.  Personnal communication between D. Evers of Biodiversity, Inc., 195 Main
St. Freeport, Maine and G. Rice, U.S. EPA,  October 30, 1997.
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7. CONCLUSIONS


The following conclusions are presented in approximate order of degree of certainty in the
conclusion, based on the quality of the underlying database.  The conclusions progress from those with
greater certainty to those with lesser certainty.


� There is a plausible link between methylmercury concentrations in freshwater fish and
anthropogenic mercury emissions.  The degree to which this linkage occurs cannot be estimated
quantitatively at this time.


� Among humans and wildlife that consume fish, methylmercury is the predominant chemical
species contributing to mercury exposure.


� Methylmercury is known to cause neurotoxic effects in humans and animals via the food chain.


� The human RfD for methylmercury is estimated to be 1x10  mg/kg body weight/day.  While-4


there is uncertainty in this value, there are data and quantitative analyses of health endpoints that
corroborate and support a reference dose within a range of an order of magnitude.  A quantitative
uncertainty analysis indicates that the human RfD based on observation of developmental
neurotoxicity in children exposed to methylmercury in utero is likely to be protective of human
health.


� The RfD is a confident estimate (within a factor of 10) of a levels of exposure without adverse
effects on those human health endpoints measured in the Iraqi population exposed to
methylmercury from grain.  These included a variety of developmental neurotoxic signs and
symptoms.  The human RfD is for ingested methylmercury; no distinction was made regarding
the food in or other media serving as the ingestion vehicle.


� U.S. EPA calculates that members of the U.S. population ingest methylmercury through the
consumption of fish at quantities of about 10 times the human reference dose.  This amount of
methylmercury is equivalent to the benchmark dose used in the calculation of the reference dose;
the benchmark dose was taken to be an amount equivalent to the NOAEL. 


� Subtle, adverse developmental deficits have been observed among children from a 
seafood-consuming population (Grandjean et al., 1997).  These deficits have been 
associated with maternal hair mercury concentrations less than 10 ppm.  Hair mercury 
concentrations of less than 10 ppm are associated with ingestion of less than 1 µg mercury/kg
body weight/day.  Because these are recently published reports, these findings, as well as, those
from studies of fish-consuming populations that did not show adverse effects (but were based on 
different neurobehavioral endpoints) require additional evaluation.


� The probability of adverse effects increase as exposures increase above the RfD,however,
quantitative risk projections cannot be made for ingestion of methylmercury above the RfD given
currently available human data. 


� Concentrations of mercury in the tissues of wildlife species have been reported at levels
associated with adverse health effects in laboratory studies in the same species.
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� Within the general U.S. population, 85% of people consume fish and shellfish over the course of
a month, with 40% consuming fish weekly.  An additional 1-2% of people eat fish and shellfish
almost daily.  Among this group of fish consumers roughly 50% are predicted to consume
methylmercury at the RfD.  Consuming methylmercury at levels equal to the RfD is equated to
be without harm.


� Dietary intake data from cross-sectional surveys indicate that approximately 30 percent of the
general U.S. population consumes fish at least once during a three-day period.  Among this group
of fish consumers the majority are predicted to consume methylmercury at or below the RfD. 
Consuming methylmercury at levels equal to the RfD is expected to be without harm.


� Based on year-long dietary survey data that recorded fish consumption for a one-month period,
approximately 94% of the population consumes fish at least once during that period.


� Using both the longitudinal and cross-sectional survey data, it is estimated that 1 to 5 percent of
women of child-bearing age regularly consume fish and shellfish at average intakes of 100 grams
per day or greater.  National estimates based on projectsion made using NHANES III data
indicate that 3% of women of childbearing age consume 100 grams or more of fish per day and
7% exceed the RfD.  Whether or not methylmercury intakes are elevated above the estimated
NOAEL depends on the concentration of methylmercury in the fish and shellfish consumed.


� Children are more highly exposed to mercury on a body weight basis than are adults.  National
estimates of month-long fish/shellfish consumption using NHANES III data indicate that 5% of
3-to-6 year olds are exposed to approximately 0.3 µg Hg/kg bw/day.


� U.S. EPA estimates that approximately one-third of fish and shellfish consumed are from
freshwater/estaurine habitats that may be affected by local sources of mercury.


� Case reports in the literature document that sick and/or dying animals and birds with seriously
elevated tissue mercury concentrations have been found in the wild.  These wildlife have
mercury concentrations elevated to a level documented in laboratory studies to produce adverse
effects in these species.  for a specific case report concurrent exposure to other sources of ill
health cannot be excluded.


� Modeled estimates of mercury concentration in fish around hypothetical mercury emissions
sources predict exposures at the wildlife WC.  The wildlife WC, like the human RfD, is predicted
to be a safe dose over a lifetime.  It should be noted, however, that the wildlife effects used as the
basis for the WC are gross clinical manifestations or death.  Expression of subtle adverse effects
at these doses cannot be excluded.


� Data are not sufficient for calculation of separate reference doses for children and the aged.


� Comparisons of dose-response and exposure estimates through the consumption of fish indicate
that certain species of piscivorous wildlife are more exposed on a per kilogram body weight basis
than are humans.  The implications for wildlife health are uncertain.
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There are many uncertainties associated with this analysis.  The sources of uncertainty include
the following:


� There is considerable uncertainty and apparent variability in the movement of mercury from the
abiotic elements of the aquatic system through the aquatic food chain.


� U.S. EPA has developed a BAF in an attempt to quantify the relationship between dissolved
methylmercury concentrations in the water column and methylmercury concentrations in fish. 
This BAF was developed using a four-tier food chain model and extant field data.  A quantitative
uncertainty analysis of the BAF and the variability of the BAF was examined.


� There is considerable uncertainty in atmospheric processes that affect emitted mercury.  U.S.
EPA has attempted to predict the fate and transport of mercury through the use of atmospheric
models.  The results of these models are uncertain.  For the regional (RELMAP) modeling,
predicted mercury concentrations are corroborated by measured data for certain areas of the
United States.


� A quantitative uncertainty analysis and qualitative considerations lead to the conclusion that
paresthesia in adults is not the most reliable endpoint on which to base a quantitative dose-
response assessment.  A quantitative uncertainty analysis and qualitative considerations also
indicate that late walking in children is less reliable than combined developmental effects in
children exposed in utero.


� Total sources of exposure for selected populations may include occupational exposure primarily
to mercury vapor.  Exposures from dental amalgam are expected to contribute to the overall body
burden of mercury.  The association, however, between overall body burden of mercury from
these sources and methylmercury from the aquatic food chain is not established.


� Data estimating body burden of mercury based on biological monitoring of hair and blood
mercury levels among the general U.S. population have not been gathered.  Such information
would permit firmer estimates of the risk of mercury toxicity in the general U.S. population.


� Data on body burden of mercury among populations that consume large quantities of fish are also
very limited.  Such information would permit firmer estimates of risk of mercury toxicity for
these specific high-risk populations.


To improve the risk assessment for mercury and mercury compounds, U.S. EPA would need the
following:


� A monitoring program to assess either blood mercury or feather/hair mercury of piscivorous
wildlife; particularly those in highly impacted areas.  This program should include assessment of
health endpoints including neurotoxicity and reproductive effects.


� Collection of additional monitoring data on hair or blood mercury and assessment of health
endpoints among women of child-bearing age and children.  This study should focus on high-end
fish consumers and on consumption of fish from contaminated water bodies.


� Inproved information on biochemistry, physiology, and toxicology of mercury in children.
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� There is a need for improved data on effects that influence survival of the wildlife species as well
as on individual members of the species.


� There is a need for controlled studies on mercury effects in intact ecosystems.


� Monitoring data sufficient to validate or improve the local impact exposure models are needed.
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8. RESEARCH NEEDS


The primary purpose of the Mercury Study Report to Congress was to assess the impact of U.S.
anthropogenic emissions on mercury exposure to humans and wildlife.  The size of some populations of
concern have been estimated:  namely women of child-bearing age and children who eat fish.  In the
general population, people typically obtain their fish from many sources.  The question on whether or not
the impact of mercury from anthropogenic ambient emissions can be proportioned to the overall impact
of methylmercury on wildlife is a much more difficult issue.


As with environmental monitoring data, information on body burden of mercury in populations
of concern (blood and/or hair mercury concentrations) are not available for the general U.S. population. 
Data on higher-risk groups are currently too limited to discern a pattern more predictive of
methylmercury exposure than information on quantities of fish consumed.  The selenium content of
certain foods has been suggestive as a basis for modifying estimates of the quantities of methylmercury
that produce adverse effects.  Currently, data on this mercury/selenium association form an inadequate
basis to modify quantitative estimates of human response to a particular exposure to mercury.


Available data for human health risk assessment have limitations as described in the Report and
in this summary.  Studies of human fish-consuming populations in the Seychelles and Faroes Islands
address some of these limitations; they are expected to be published within a year of release of this
Report.  Additional studies on U.S. populations who consume fish from the Great Lakes are in progress. 
Public health agencies of the U.S. government as well as the U.S. EPA will evaluate these new data when
they are available.  Risk management decisions beyond the ongoing activities specified in the Clean Air
Act Amendments of 1990 will be based on consideration of all human data including results of these new
studies.


The benchmark dose methodology used in estimating the RfD required that data be clustered into
dose groups.  Most data on neurologically based development endpoints are continuous; that is, not
assigned to dose groups.  For example, scoring on scales of IQ involves points rather than a "yes/no" type
of categorization.  Measurements on the degree of constriction of the visual field involve a scaling rather
than a "constricted/unconstricted" type of variable.  Although arbitrary scales can be constructed, these
groupings have generally not been done in current systems.  Use of alternative dose groupings (as
described in Volume IV) had no significant effect on calculated benchmark doses.  An additional
difficulty occurs in estimation of benchmark dose for multiple endpoints that have been measured. 
Further research on appropriate methods for mathematical modeling is needed.  For some situations such
information is known, but for methylmercury exposure and multiple endpoints assessing the same system
(i.e., developmentally sensitive neurological, neuromotor and neuropsychological effects) the time-
course/dose-response of such changes have not been clearly established.  Development of the
mathematical models needs to be accompanied by understanding the physiological/pathological
processes of methylmercury intoxication.


Research to decrease the above uncertainties and to address characterization limitations include
the following:


� A monitoring program to assess either blood mercury or feather/hair mercury of
piscivorous wildlife; particularly those in highly impacted areas.  This program should
include assessment of health endpoints including neurotoxicity and reproductive effects.
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� Collection of additional monitoring data on hair or blood mercury and assessment of
health endpoints among women of child-bearing age and children.  This study should
focus on high-end fish consumers and on consumption of fish from contaminated water
bodies.


� There is a need for improved data on effects that influence survival of the wildlife
species as well as on individual members of the species.


� There is a need for controlled studies on mercury effects in intact ecosystems.


� Monitoring data sufficient to validate or improve the local impact exposure models are
needed.
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